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Americans have embraced craft beer, and the ensuing demand has resulted in an everincreasing number of craft breweries opening over the past 20 years. Craft brewers are generally
small employers and, as such, lack the resources necessary to address the safety and health of
their employees adequately. Brewers face many safety and health hazards in their work
environment. These hazards include exposures to carbon dioxide (CO2), workload demand, and
MSD risk. It is essential to evaluate these hazards in craft breweries as they handle carbon
dioxide (CO2) differently than large breweries by having the CO2 discharge vent directly into the
building. There have been very few research studies of CO2 exposures in any type of brewery
documented in the literature. Additionally, most research on the health effects of CO2 has been
on higher levels of exposure, over 1%, and there has been very little research at lower
concentrations. A few studies of CO2 exposure concentrations less than 5000 ppm have
indicated that heart rate increases are possible. The aggregate or combined risk of exposures to
CO2, workload, and musculoskeletal disorder (MSD) risk in a brewer's job tasks can cause
combined increases in heart rate and physical fatigue. The evaluation of the craft brewery
workplace stressors took place in small, mid-sized, and large craft breweries and the barrel
filling, canning fill, and cellar job tasks. The use of video exposure monitoring (VEM™) aided

the data collection. VEM™ synchronizes real-time sensor monitoring with video for analysis of
workplace exposures. This dissertation characterized the CO2 exposures in craft breweries and
looked at how the interactions of CO2, workload, and MSD risk can influence the heart rate of
their employees. The first paper characterizes CO2 exposures in craft breweries. The second
paper is an evaluation of MSD risk, workload, and CO2 exposure levels on heart rates of
brewers. These risks were measured through Rapid Body Entire Assessment (MSD risk), NASA
Task Load Index (workload), and nondispersive infrared sensor (CO2 exposure levels). The third
paper focuses on the ergonomic evaluation of control measures to reduce workplace stressors
leading to a decrease in brewer’s heart rate.
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CHAPTER I
INTRODUCTION
Why Craft Breweries?
Growth in the Industry
Americans have embraced craft beer, and the ensuing demand has resulted in an everincreasing number of craft breweries opening over the past 20 years.1,2 Craft beer is produced in
breweries that are defined as having three characteristics; small (producing less than six million
barrels annually), independent, and traditional (as far as ingredients and fermentation).3 The
number of craft breweries in the United States has increased from approximately 1000 in 1996 to
over 8300 in 2019.1 There has been an increase of 48% in the number of craft breweries just
since 2014.1 The market share of craft breweries continues to grow while the market share of
large breweries (over 6,000,000 barrels annually) continues to decline.1 The production of craft
beer has increased correspondingly to 26.3 million barrels, an increase of over 418% between
2005 to 2019.1 At the same time, an increase in the number of Americans employed in brewery
operations has doubled to over 69,000 employees.4,5 With production decreasing in large
breweries, it can be assumed that most of this employment growth has been in the craft beer
industry. The Brewers Association, a craft beer industry trade association, estimates the total
employment in 2019 in the craft brewing industry is 150,000, including brewpub serving staff .6
The growth in the craft brewing industry places more employees at risk from occupational safety
and health hazards in the brewing industry. The attention to worker health and safety issues in
craft breweries has not kept pace with the growth in employment.7 Industry trade associations
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and regulators have recognized and started to address the need to improve occupational safety
and health (OSH) in brewing operations.8 Most of the work thus far has been to increase
awareness of safety and health hazards inherent in craft breweries and to provide educational
materials to address the hazards.8 The education efforts have been focused on major regulatory
compliance issues such as lock out-tag out, machine guarding, powered industrial trucks, hazard
communication, and confined space entry.8,9
Small Employers
Craft brewers, by Internal Revenue Service (IRS) definition, are considered small
employers.6,10 The average employment in a craft brewery, including the serving staff at
brewpubs, is approximately 18 employees, based on 8300 craft breweries and 150,000
employees.1,6 The average employment in craft breweries is well below the IRS small
employers' definition for the Affordable Care Act of less than 50 employers.10 Of the over 8,300
craft breweries in the United States, only four have sales over 1,000,000 barrels annually.11–15
Nearly 6,000 of the 6,200 in 2017 breweries have annual production volumes of less than 15,000
barrels, also further emphasizing the small employer characteristic of craft breweries.16 The
production volume is an important distinction when determining employer and employee access
to the resources needed to assess and control the OSH hazards in a brewery environment. As
small employers, craft brewers lack the resources necessary to address occupational safety and
health of their employees.17 Another reason small employers are less likely to address OSH
issues in the workplace is the cost of regulatory compliance. The cost of regulatory compliance
for employers with less than 20 employees was more than $250.00 per employee higher than
those employers with more than 500 employees.17–19 Smaller employers also have higher
incident rates (injuries/illness per 200,000 person-hours) than larger employers.17,20–22 The
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phenomenon of higher injury rates for smaller employers also holds for craft breweries.22
Research that has examined this phenomenon of higher incident rates has concluded that small
business looks at safety and health differently than larger employers until a major incident occurs
to increase their awareness of the need to address OSH issues.23,24
Carbon Dioxide Exposures Differ
Craft brewers also handle the creation of carbon dioxide (CO2) differently than large
breweries. Large breweries have much larger fermenters, significant sources of CO2 that are
stored outside of the brewery.25,26 Large fermenters can also be piped to a central collection
point and exhausted outside the brewery.26 Large breweries also have found it economical to
recover CO2 from fermenters to be used in other parts of the process. The recovery of CO2
creates a closed process where CO2 is not released into the brewery environment.25,26,27,28 Craft
breweries, on the other hand, generally have their fermenters within the buildings. They also do
not collect the CO2 in a central system for recovery or for exhausting it outside the
brewery.26,29,30 Craft breweries generally discharge the CO2 directly into the brewery
environment.26,29,30 It would follow that with fewer fermenters in the building, and CO2
collected or recovered that employee exposures to CO2 in large breweries will be less than in
craft breweries.
Brewers Face Risks of Occupational Injury and Illness
Employees in any type of brewery face many hazards in their work environment,
including the potential of burns from contact with hot liquid and chemical exposures from
cleaners, sanitizers, and carbon dioxide (CO2) gas. They also face slip and fall hazards from wet
floors and strain and sprain injuries from hard physical work.7,9,31–33 Strain and sprain injuries
are by far the most reported occupational severe injury in any type of brewery. Strain and sprain
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injuries accounted for 47% of the reported day away from work cases in all types of breweries
from 2011 to 2018.33 Four types of injuries account for nearly all of the reported days away
from work cases between 2011 and 2018. Besides strain and sprain injuries, physical contact
injuries accounted for 19.7%, slip and fall incidents accounted for 16.1%, and exposure to
chemicals and the environment accounted for 14% of the days away from work cases from 2011
to 2018.33
Musculoskeletal Disorders and Workload
The risk of musculoskeletal disorders (MSDs) from physical work continues to be a
problem in the overall manufacturing environment in the United States.34 In 2018, 34% of the
reported days away from work cases in manufacturing were from strains and sprains a type of
MSD, making it the leading cause of serious injury in the workplace.34,35 The contribution of the
work environment to increase the risk of MSDs has been well documented for many years.36–41
Tasks in breweries involve lifting, working with arms above the shoulders, bending and twisting,
handling heavy loads, and working in awkward postures. All of which are major risk factors that
brewers encounter daily.33,42,43 MSDs are also linked to physical fatigue in the workplace.44,45
These factors are now recognized as risks that need to be addressed in the brewing environment
to prevent MSDs.9,42,43
Carbon Dioxide Exposures in Breweries
Among the many occupational safety and health hazards that brewers face is the exposure
to CO2.32,46–48 The release of carbon dioxide to the environment occurs in many locations during
the process of brewing beer.26,29,30,49 Most of the CO2 produced in the brewery environment is a
byproduct of the fermentation process, where yeast converts sugars to alcohol.26,29,30,49–51
Besides the fermentation process, additional CO2 exposures occur in the brewery environment.
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Contact of oxygen with an unfermented beer called wort and beer after the addition of yeast
causes oxidation and a poor quality beer.26,30,49 This quality issue causes brewers to use 100%
CO2 to move wort and beer from vessel to vessel. They also fill vessels with 100% CO2 to
remove oxygen before adding wort/beer. Before packaging, 100% CO2 carbonates beer to the
desired level. Lastly, during packaging, CO2 is used to remove oxygen from final packaging
containers before the beer is added.26,29,30,49
Carbon dioxide exposures are an occupational safety and health issue in all types of
breweries.32,47,52,53 In 2013, AB InBev was fined by the OSHA at their Houston Brewery for
exposures to CO2 at levels more than the permissible exposure limit of 5000 ppm.54 The main
risk of CO2 exposure that breweries are concerned with is the asphyxiation hazard when entering
confined spaces.9,52 The death of seven brewery workers when entering a vessel in 2013 resulted
in greater concern and education efforts on the asphyxiation risk of CO2.52,55 The number of CO2
exposure-related incidents in all types of breweries cannot be readily determined from available
data. However, the number of days away from work cases, in breweries, from exposures to
harmful substances, rose from 20 in 2011 to a peak of 110 in 2015. The most recent available
data in 2018 resulted in 80 incidents of days away from work due to exposure to harmful
substances.33
Health Effects of CO2 Exposure
The health effects of exposure to CO2 has been researched since the turn of the century
and has led to the establishment of occupational exposure limits for CO2. In the early 1920s,
researchers first documented the toxic effects on humans of occupational exposures to CO2.32
Health issues that range from shortness of breath and increased heart rate to death led to the
establishment of occupational exposure limits.32 Much of the research studies used to establish
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an occupational limit for CO2 were from occupational exposures during diving, space travel, or
work on submarines.32 Physical exertion, while breathing elevated levels of CO2, at 1% (10,000
ppm) and higher, can lead to increased heart rate and physical fatigue sooner than without CO2
exposure.32,56–65
While most exposure research has been on higher levels of CO2 exposure, over 1% there
has been very little research in lower level exposures (at or below 5,000 ppm) and their effect on
respiration, and heart rate.32 Studies did evaluate CO2 exposures less than 5000 ppm have
focused on the ability of subjects to cognate and the incidence of headaches.66–73 Two studies on
lower exposures levels (at or below 5,000 ppm) did show increases in respiration and heart
rate.71,74
In 1972, OSHA established a permissible exposure limit of 5,000 parts per million (ppm)
for 8 hours of exposure based on research on the toxic effects of CO2 exposures documented in
the literature at that time.75 The basis for the limit was to avoid narcosis and increased respiratory
rates in the occupational environment.75 The American Conference of Governmental Industrial
Hygienists (ACGIH) has also established a recommended exposure limit called a Threshold
Limit Value (TLV) for CO2. The TLV for eight hours of exposure is 5000 ppm, and the shortterm exposure limit for 15 minutes of exposure is 30,000 ppm. The basis for the establishment
of the ACGIH exposure levels is the potential for asphyxiation and metabolic stress.76 The
effects of lower-level CO2 exposures below 1% (10,000 ppm) on workers are not well
understood and are essential in determining methods of improving working conditions in
breweries.
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Lack of Worker Exposure Data for CO2 in Craft Breweries
The brewing industry efforts concerning CO2 exposures have focused on the education of
brewers to the dangers of high-level exposures in confined spaces that can cause death or severe
injury (46). While OSHA has sampled for CO2 1321 times from 1984 to 2019, only 77 (5.8%) of
those air samples have been in breweries. Of the 77 air samples, the Anheuser Busch Brewery in
Houston Texas accounted for 23 (29.9%). Only two samples or 2.6% of brewery sampling and
0.15% of all CO2 air sampling performed by OSHA compliance officers occurred in a craft
brewery.77
There have been very few research studies of CO2 exposures in any type of brewery
documented in the literature. One study referenced by NIOSH did analyze brewery CO2
exposures.32 The research focused on determining time-weighted averages based on acid-base
blood chemistry.32,47 The results indicated that blood chemistry did not have statistically
significant changes at exposures up to 1% (10,000 ppm) of CO2.32,47,48 Exposures measured in
the brewery cellar were reported at 1.08% (10,800 ppm) averaged over eight hours and shortterm excursions of up 8% (80,000 ppm).47,48 Beyond evaluating the health effects of CO2
exposures, a recent study used the brewing environment to validate nondispersive infrared sensor
technology as a way to measure workplace exposure to CO2.46 The exposures, measured in the
brewery cellar using an NDIR sensor, ranged from 1550 ppm to 4200 ppm averaged over an
eight hour day with excursions as high as 4% (40,000 ppm) during a tank purging operation.46
This lack of air sampling in all breweries and especially craft breweries suggests there has been
little emphasis on the hazards associated with CO2 exposures to brewers at levels less than are
immediately dangerous to life and health (30,000 ppm)78 by the brewing industry or OSHA.
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A New Perspective: Combined Risks
The aggregate or combined risk of workload, MSD risk, and CO2 exposures in a brewer's
job tasks could lead to a greater chance of injury than if only exposed to one of these factors.
Cumulative or combined risk assessments is a new idea that has started to permeate how risk
evaluations are performed. Cumulative risk assessments combine the occupational factors, nonoccupational factors, community factors, and individual and behavioral factors to achieve a
complete understanding of the risk of a particular agent or agents.79–81 Although not going
beyond the work environment, there is a need to assess the workload, MSD risk, and exposure to
CO2 to get a more accurate picture of how these factors combine to affect the physiological
health of brewers. No research has evaluated the combined risk of CO2 exposure and ergonomic
risk (MSD risk and workload) of common craft brewery tasks. All of these factors could
potentially interact with each other and affect the heart rate.
Workstation design is a critical component in alleviating CO2 exposures, workload, and
musculoskeletal disorder risks in the occupational environment. Workstation design is
manipulating the workplace in terms of space and load handling,82 but also includes the physical,
chemical, and biological hazard considerations.83 Workspace manipulations, for example, would
incorporate changes in the dimensions of the workplace that would improve posture, reduce
stress on the body, and ventilation to reduce exposure to CO2. A graphical representation of the
interactions is found in Figure 1-1.
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Figure 1-1. Representation of occupational stressors affecting craft brewers and how
workstation design impacts all of these stressors.

Impact and Benefits
The goal of characterization of CO2 exposures in craft breweries will assist brewers in
understanding where CO2 exposures occur within a craft brewery, the magnitude of those
exposures, and what factors most influence those exposures. Another goal is to help the industry
better understand how the changes in workstation design can improve the health of their
employees from the interaction of CO2, workload, MSD risk. This knowledge, along with the
benefits of potential workstation design solutions, may improve the occupational safety and
health of their employees.
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The three papers take the traditional approach to hazard evaluation by industrial
hygienists. Workplace hazards needed to be recognized, evaluated, and controlled in order to
improve working conditions.82 The first paper recognized or characterized the exposure to CO2
in a craft brewery. It can create awareness on what levels of CO2 craft brewers are exposed to
daily. It looked at factors such as space, size of fermenters, and production rates, that influence
those exposures.
The second paper is an evaluation of the interaction of MSD risk, workload, and CO2
exposure levels on the heart rates of brewers. Evaluating the interaction goes beyond just the
simple effect of exposures to CO2 on employee's health and looks at how all these factors
interact to affect a brewer's heart rate.
The third paper focused on the control of exposures to CO2 and MSD risk to improve the
working conditions for employees. The research evaluated how changes in workstations can
lead to improvements in CO2 exposure, MSD risk, and workload for the employees of craft
breweries. A graphical representation of the three studies is found in Figure 1-2.
Beyond the benefits to the brewing industry, this study could impact the practice of
industrial hygiene. Industrial hygienists will see the benefits of collecting multiple parameters
that have an effect on the exposures they are evaluating, leading to the improvement of working
conditions for employees.
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CHAPTER II
CHARACTERIZATION OF WORKPLACE EXPOSURES TO CARBON DIOXIDE
IN A CRAFT BREWERY ENVIRONMENT
Introduction
Americans have embraced the craft beer movement over the past 20 years. The
definition of a craft brewery is made up of three characteristics; small (producing less than six
million barrels annually), independent (in terms of ownership), and traditional (as far as
ingredients and fermentation).2,3 The number of craft breweries in the United States has
increased from approximately 1000 in 1996 to over 8300 in 2017.4 In just the past few years,
there has been an increase of 48% in the number of craft breweries.4 The production of craft
beer has increased correspondingly to 26.3 million barrels, an increase of over 330% between
2004 to 2019.4 During this period of growth, concerns for the safety and health of craft brewery
workers have not kept pace with the industry expansion.1 Craft brewers, as opposed to large
multinational brewers, are small employers and thus lack the resources necessary to address the
occupational safety and health of their employees.5 It was not until 2013 that the industry and
regulatory agencies began addressing the lack of occupational safety and health in craft
breweries.6 An initial effort included a series of safety and health education lessons for craft
brewery workers.6 The main occupational safety and health issues that the craft beer industry are
most concerned with are regulatory compliance issues such as lock out-tag out, machine
guarding, powered industrial trucks, hazard communication, and confined space entry.7 The
safety training content, developed by an industry trade association (Brewers Association), is
similar to the topics mentioned earlier. The training content is evidence that the main concern of
19
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the industry is the compliance with the Occupational Safety and Health Administration's
(OSHA) regulations.6
Among the many occupational safety and health hazards that brewers face is exposure to
carbon dioxide (CO2) gas.8–10 CO2 is colorless and non-flammable gas.11,12 CO2 is heavier than
air, with a density approximately 1.5 times greater than air.11,12 The release of carbon dioxide to
the environment occurs in many locations during the process of brewing beer.13–16 Most of the
CO2 produced in the brewery environment is a byproduct of the fermentation process, where
yeast converts sugars to alcohol.13–16 Besides the fermentation process, called the cellar or
cellaring in a brewery, additional CO2 exposures occur in the brewery environment. Contacting
oxygen with beer after the addition of yeast causes oxidation and a poor quality beer.13,16 This
quality issue causes brewers to use 100% CO2 to move wort and beer from vessel to vessel.
They also fill vessels with 100% CO2 to remove oxygen before adding wort/beer. Before
packaging, 100% CO2 carbonates beer to the desired level. Lastly, during packaging, CO2 is
used to remove oxygen from final packaging containers before the beer is added to maintain
freshness.13,16
The health effects of exposure to CO2 have been researched since the 1900s. The research
has led to the establishment of occupational exposure limits for CO2. In the early 1920s,
researchers first documented the toxic effects on humans of occupational exposures to CO2.8
Health issues that range from shortness of breath and increased heart rate to death led to the
establishment of occupational exposure limits.8 In 1972, OSHA established a permissible
exposure limit of 5,000 parts per million (ppm) for 8 hours of exposure based on research on the
toxic effects of CO2 exposures documented in the literature at that time.17 The basis for the limit
was to avoid narcosis and increased respiratory rates in the occupational environment. Much of
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the research studies used to establish an occupational limit for CO2 were from occupational
exposures during diving, space travel, or work on submarines and not from common
occupational environments.8 The research, from the military and space exploration used to
establish the OSHA exposure limit, found 10,000 ppm to 30,000 ppm did not cause adverse
health effects (8). The American Conference of Governmental Industrial Hygienists (ACGIH)
has also established a recommended exposure limit called a Threshold Limit Value (TLV) for
CO2. The TLV for eight hours of exposure is 5000 ppm and the short-term exposure limit for 15
minutes of exposure is 30,000 ppm. The basis for the establishment of the ACGIH exposure
levels is the potential for asphyxiation and metabolic stress.18
Carbon dioxide exposures are an occupational safety and health hazard at all types of
breweries.8,19,10,20 In 2013, AB InBev was fined by the OSHA for exposures more than the
permissible exposure limit of 5000 ppm.21 In 2013, Grupo-Modelo brewery in Mexico had an
incident in which seven workers died in a brewery vessel from apparent exposures to CO2.22 The
number of CO2 exposure-related incidents in all types of breweries cannot be easily determined.
However, the number of occupational illness cases, in all types of U.S. breweries, that resulted in
days away from work due to exposures to harmful substances rose from 20 in 2011 to a peak of
110 in 2015. The most recent survey data from 2018 resulted in 80 incidents of days away from
work due to exposure to harmful substances.23
The brewing industry's efforts concerning CO2 exposures have focused on the education
of brewers to the dangers of high-level exposures in confined spaces.19 OSHA has sampled for
CO2 1248 times from 1984 to 2019. Only 77 (5.8%) of those air samples have been in
breweries. Of the 77 air samples, the Anheuser Busch Brewery in Houston Texas accounted for
23 (29.9%). Only two samples or 2.6% of brewery sampling and 0.15% of all CO2 air sampling
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performed by OSHA compliance officers occurred in a craft brewery.24 This lack of air
sampling in all breweries and especially craft breweries suggests there has been little emphasis
on the hazards associated with CO2 exposures to brewers at levels less than are immediately
dangerous to life and health (30,000 ppm) by the brewing industry or OSHA.24
There have been very few studies of CO2 exposures in any brewery environment. One
study referenced by the National Institute of Occupational Safety and Health (NIOSH) did
analyze brewery CO2 exposures.8 The research focused on determining time weight averages
based on acid-base blood chemistry.8,10 The results indicated that blood chemistry did not have
statistically significant changes at exposures up to 1% (10,000 ppm) of CO2.8,25 Exposures
measured in the brewery cellar were 1.08% (10,800 ppm) averaged over 8 hours and short-term
excursions of up 8% (80,000 ppm).25 Another recent study used the brewing environment to
validate nondispersive infrared sensor technology as a method to measure workplace exposure to
CO2.9 The exposures, measured in a brewery cellar, ranged from 1550 ppm to 4200 ppm
averaged over an eight hour day. Excursions as high as 4% (40,000 ppm) occurred during a tank
purging operation.9 The 67 personal exposure measurements to CO2 conducted by OSHA and
referenced previously ranged from non-detect to 14,000 ppm.24
In order to characterize CO2 exposures in craft breweries, this study attempts to answer
the following questions:


What are the CO2 exposures in different sized breweries?



What are the CO2 exposures in the various stages of the brewing process?



What factors may influence worker exposures to CO2 within a craft brewery?
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Methods
As a profession, industrial hygienists have established methods for the characterization of
occupational exposures.26 The American Industrial Hygiene's Association's (AIHA) publication
entitled "A strategy for assessing and managing occupational exposures" recommends the
exposure assessment methodology that should be employed by practicing professionals.26
Portions of the first two steps in the process, basic characterization and exposure assessment,
were utilized for characterizing the exposures to CO2 in craft breweries. By utilizing this
established methodology, data collection took place in three of the four main operational areas
within a craft brewery: brewing, cellaring, and packaging. The fourth operation, grain handling,
was not included because exposures to CO2 would not be likely due to the operations being
outside or in separate rooms.16
The basic characterization is the first step in the exposure assessment process and
involves gathering information on the processes involved in craft brewing.26 Assessment of CO2
exposures was done in a small, medium, and large size breweries, based on annual production
volumes. The different sized breweries assisted the understanding of the variability of CO2
exposures that occur within a craft brewery. The basis for selecting the breweries used in the
analysis was the Brewer's Association definitions for a brewpub (small), a microbrewery
(medium), and a regional brewery (large).27 A questionnaire/checklist and the physical size
measurements of the brewery were utilized to characterize the workplace exposure to CO2. Data
gathered in the questionnaire/checklist, as well as the CO2 exposure levels, are listed in Table
2-1. Additionally, basic demographic data of the brewery's workforce was collected to establish
the brewery size beyond the annual production volumes.
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The second phase of brewery exposure characterization is exposure assessment or the
actual quantitative measurements of exposure.26 The measurement CO2 levels in the brewery
made use of innovative techniques to collect the data necessary to characterize exposures in the
different operational areas in a brewery. The exposure measurements used real-time direct
reading instruments and video exposure monitoring techniques to assess the working
environment.

Table 2-1. List of Variables for Analysis
Variable

Variable Type

Annual production volume (bbls)

Independent

Size of the brewery (ft2)

Independent

Functional Area (either Brewing,
Cellaring, Packaging, etc.)

Independent

Amount (bbls) of Active Fermentation
taking place on the sampling day

Independent

The speed of packaging lines
(bottles/cans/kegs per minute/hour)

Independent

Day of Week Sample was measured

Independent

Time of Day Sample was measured
(morning, mid-day, or evening)

Independent

Carbon Dioxide Levels (ppm)

Dependent

Traditionally, carbon dioxide exposure evaluation employs an analytical method
prescribed by OSHA. This indirect method does not provide instantaneous results (19). This
study utilized a real-time or direct reading methodology using a nondispersive infrared (NDIR)
sensor that will detect CO2. NDIR sensors utilize the molecular absorbance of infrared (IR)
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radiation at a specific wavelength, near 4.3 µm for CO2, to detect the presence of the gas in the
air. The use of NDIR sensors for CO2 in a brewery environment has proven to be as accurate
and precise as the current OSHA analytical method with deviations not exceeding 7.2%. 9 The
NDIR sensors for personal exposure monitoring were a MinIR 5% CO2 Smart LED Sensor (CM40331, CO2Meter.com). The sensor which uses diffusion to sample the air had a range of 0 to
50,000 ppm (0% to 5%), and a resolution of 10 ppm. A handheld NDIR monitor used for area
measurements was a ToxiRae Pro CO2 (PGM-1850, Honeywell). The NDIR sensor for the
ToxiRae Pro used diffusion to sample the air, had a range of 0-50,000 PPM (0 to 5%), and a
resolution of 100 ppm. Both the CO2Meter.com sensors and the Toxirae Pro have operating
ranges from 0º to 50º C and from 0 to 95% relative humidity. All sensors were calibration
checked or bump tested before use with 100% N2 (zero gas) and 2.5% CO2 (balance N2) before
use. Sensors not responding to within 5% of the calibration gas specification received a full
calibration.
Video exposure monitoring (VEM™) is a technique by which video of the job tasks is
synchronized with air sampling data, in this case, CO2 levels second by second, to assist the
industrial hygienist in understanding better where and when exposures are taking place. VEM™
has evolved to where direct reading instruments and video are synchronized and time-stamped to
give a better picture of the exposure task filmed.29–31 This research utilized the newest
advancements in video exposure monitoring by having the direct reading instrument and video
stream data directly into a miniature computer (Raspberry Pi 3) using proprietary software for
data collection and storage for later analysis. No other study has used VEM™ in this way.
Figures 2-1, 2-2, and 2-3 show the VEM™ system used for quantitative analysis. When
assessing risk, VEM™ allows for a much quicker analysis to determine where and when
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exposures to hazardous substances, in this case, CO2, are occurring.29–31 The information from
VEM™ helps pinpoint exposures that are detrimental to employees' health and determine the
best way to control those exposures. An example of the analysis that VEM™ provides is
presented in Figure 2-4.
Figure 2-1. VEM™ system.
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Figure 2-2. VEM™ system front view.

Figure 2-3. VEM™ system back view.
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Figure 2-4. Example of VEM™ analysis for risk assessment.

A sampling protocol for the area exposure measurements was developed to ensure
consistency in measurements and to reduce inter and intraday variation from production levels.
Each data-gathering session followed the developed subsequent protocol:
i. The NDIR sensor is set to record data every one second.
ii. Employees in the breweries wear a sensor placed on the shoulder of their dominant
hand at least 18 centimeters from their mouths. Previous research indicated that the
distance of 18 cm from the mouth ensured the exhaled breath would not impact the
sensor measurements.25
iii. The sensor and video feed are wired directly to the VEM™ system to avoid
interferences. Data was recorded on a USB drive connected to the Raspberry PI 3
computer.
iv. Verification of both data inputs occurs before the system is initiated to record.
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v. Brewery workers are asked to walk through the various operational areas within the
brewery and making sure a minimum of 3.5 minutes of sampling is taking place in
each operational area. The total minimum sampling time of 10 minutes would ensure
at least 600 data points during each sampling session.
vi. A handheld video camera provides additional filming of the brewery workers.
vii. The handheld CO2 monitor was used to detect rises in the CO2 levels. The monitor
was utilized to instruct the brewery worker to pause in the area until the levels
stabilized.
The protocol was repeated at various times of the day (i.e., morning – 6 AM to 10 AM,
mid-day – 10 AM to 2 PM, and evening 2 PM – 6 PM) and various days of the week (ex.
Monday, Wednesday, and Friday). Every effort was made to collect data on Monday,
Wednesday, and Friday. However, schedules necessitated the collection of data on a few
Tuesdays and Thursdays. Based on the expected influence in production on CO2 exposure levels,
lower early and later in the week, Tuesday's samples were grouped with Monday, and Thursday's
samples were grouped with Friday. Exposure sampling consisted of at least nine sampling
sessions for each of the brewery sizes. Exposure guidance from the AIHA recommends 6-10
samples to effectively reduce variation in estimating the mean and standard deviation of a
population.26 The length of the average sampling session was 16.4 minutes, with a range from
12.1 minutes to 20.7 minutes.
The statistical analysis of the data gathered was completed using SPSS Statistics 24 (IBM
Corp.) and IHSTAT+.32 The analysis focused on what the exposures to workers are in the
specific functional areas of a small, medium, and large craft brewery, as defined by annual
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production volumes, as well as identifying the factors in a brewery that may influence those
exposures.
The analysis plan focused on descriptive statistics such as the mean, median, standard
deviation, geometric mean, geometric standard deviation, and the 95th percentile point estimate
for CO2 levels measured. The upper tolerance limits (UTL95%,95%) were calculated for use in the
analysis. To improve worker health, industrial hygienists have relied on the 95th percentile point
estimate as a decision-making point for exposure control recommendations.26 The UTL95%,95% is
the upper 95th confidence interval around the point estimate of the 95th percentile and is
calculated by the following formula26:
UTL

(

0.95,0.95,n

* s)

Readings every second for approximately 10 to 15 minutes for each of the nine sessions
resulted in a very large sample size of a minimum of 5,400 data points. Large sample sizes
reduce standard error and result in nearly all comparisons of means to be statistically significant.
To eliminate the issues with the large sample size, a procedure to reduce the number of samples
and still maintain the assumption of independence was implemented. The procedure calculated
sample means for each day, time, and brewery area. The data set created after calculating the
means was used in the statistical analysis to compare means.
Industrial hygiene and community exposure data often results in a right-skewed
distribution with the data lognormally distributed.26,33–35 Log transformation of the data creates
geometric means and standard deviations. To meet the assumption of normality, analysis of
variance (ANOVA) analysis of means for CO2 levels for the size of the brewery, the day of the
week, the time of day, and the area of the brewery, was performed with the log-transformed data.
One-way ANOVA was utilized for all the mean comparisons of a continuous variable (CO2
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exposure level) with one categorical predictor variable at a time which has more than one
category.36
Results
Three breweries agreed to participate in this study. The selected breweries met the
definition of a craft brewery by the Brewers Association.2 They also had annual volumes that
placed them in one of the three types of breweries; brewpub (small < 10,000 bbls), microbrewery
(midsized 10,000 bbls – 100,000 bbls), or regional brewery (large > 100,000 bbls).27 Table 2-2
presents the results of the descriptive survey questions for each brewery. The brewery's physical
size ranged from 5000 square feet to 133,500 square feet. The large brewery had much more
active fermentation taking place than indicated, but their largest fermentation vessels had CO2
vented outside the building. The volumes recorded were from fermentation vessels that vented
into the cellar. Packaging line speeds varied from 32 cans/bottles per minute to 750 cans/bottles
per minute.

Table 2-2. Brewery Descriptive Survey Results
Brewery

A (Small)

B (Medium)

C (Large)

Annual Production
Volume

5000 Barrels (bbls)

13,000 bbls

680,000 bbls

Brewery Physical
Size

5200 ft2

11,000 ft2

133,500 ft2

Amount Active
Fermentation during
sampling periods

180-250 bbls

600 – 660 bbls

600 – 2800 bbls*

Speed of Packaging
Lines

32 cans/minute

50 bottles per minute
40 cans per minute

120-750 can/minute
450 bottles/minute

*Does not include externally vented fermenters
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Overall results for CO2 exposure across all breweries and all areas of a brewery produced
a geometric mean of 3000 ppm, a standard deviation of 1.57, and a median of 3020 ppm. The
point estimate of the 95th percentile was 6302 ppm, and the upper tolerance limit (UTL95%,95%)
was 7160 ppm. Table 2-3 contains the descriptive statistics for the sample of the complete data
set broken down by brewery size, date, time of day, and brewery area. The means in Table 2-3
make up the data set for the subsequent statistical analysis.

Table 2-3. CO2 Mean Exposure by Independent Samples
CO2 Level (ppm)
Brewery Size
Small (<10000 bbls)

Date

Time of
Day

09/24/18

Morning

Midday

Evening

Brewery Area

Midday

N

Mean

Std Dev

Cellar

360

360

2507.89

613.20

Brewing

236

236

2190.85

153.05

Packaging

116

116

3211.72

287.99

All other areas

341

341

1979.53

482.65

Cellar

253

253

3371.30

587.09

Brewing

206

206

3152.33

484.08

Packaging

322

322

4097.30

803.16

All other areas

243

243

2904.61

361.14

Cellar

341

341

1675.37

194.06

Brewing

116

116

1629.40

103.12

74

74

2124.32

201.75

All other areas

421

421

1448.34

477.35

Cellar

159

159

3375.16

149.74

Packaging

698

698

3795.21

341.88

All other areas

153

153

2930.07

196.39

Packaging

09/25/18

N Obs
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Table 2-3—Continued
CO2 Level (ppm)
Brewery Size

Date

Time of
Day

09/26/18

Morning

Brewery Area

N

Mean

532

532

2811.00

1233.92

85

85

3546.82

488.40

Packaging

232

232

2473.62

452.09

All other areas

371

371

2243.18

711.92

Cellar

629

629

3147.87

596.72

48

48

3853.13

146.52

Packaging

119

119

3412.86

146.37

All other areas

121

121

3667.93

361.15

Cellar

645

645

2665.88

568.46

Brewing

209

209

2770.77

460.10

Packaging

111

111

2102.43

170.60

All other areas

255

255

2336.08

123.46

Cellar

452

452

2273.45

422.26

Brewing

148

148

2306.96

246.10

Packaging

85

85

2101.65

356.61

All other areas

89

89

1988.20

540.42

645

645

2714.74

388.28

34

34

3273.53

150.07

All other areas

249

249

2383.78

255.44

Cellar

555

555

2664.81

330.72

Brewing

58

58

2657.07

156.80

Packaging

57

57

2428.95

48.21

224

224

2580.45

203.71

Cellar
Brewing

Midday

Brewing

09/28/18

Morning

Midday

Evening

Cellar
Brewing

10/23/18

Evening

All other areas

N Obs

Std Dev
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Table 2-3—Continued
CO2 Level (ppm)
Brewery Size
Midsized (10,000 to 100,000 bbls)

Date
10/01/18

Time of
Day
Midday

Brewery Area

N

Mean

346

346

2960.64

318.70

35

35

2703.71

269.01

Packaging

186

186

3376.29

812.19

All other areas

310

310

2899.77

421.59

Cellar

327

327

1657.61

417.24

48

48

1329.17

147.20

Packaging

165

165

1498.48

125.04

All other areas

257

257

1421.63

210.80

Cellar

269

269

1850.67

338.75

36

36

1580.83

91.85

Packaging

225

225

1728.53

853.81

All other areas

309

309

1582.01

403.01

Cellar

207

207

2219.86

240.58

60

60

2140.33

134.55

Packaging

308

308

3551.85

1043.01

All other areas

664

664

2322.08

342.67

Cellar

224

224

3221.65

334.21

64

64

2966.25

50.66

Packaging

149

149

3010.27

230.76

All other areas

394

394

3197.89

255.04

Cellar

279

279

3475.16

852.83

Brewing

152

152

3474.34

143.31

96

96

4033.02

246.45

319

319

3147.40

450.91

Cellar
Brewing

Evening

Brewing

10/03/18

Morning

Brewing

Midday

Brewing

Evening

Brewing

10/05/18

Morning

Packaging
All other areas

N Obs

Std Dev
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Table 2-3—Continued
CO2 Level (ppm)
Brewery Size

Date

Time of
Day
Midday

Brewery Area

N

Mean

242

242

3839.26

848.18

50

50

2300.60

336.06

Packaging

239

239

2789.54

788.51

All other areas

410

410

2686.73

456.59

Cellar

245

245

1426.12

222.03

96

96

1520.94

221.17

Packaging

131

131

948.47

121.63

All other areas

382

382

1177.30

203.80

Cellar

279

279

2938.57

457.59

36

36

3172.78

86.44

Packaging

187

187

3899.30

534.03

All other areas

223

223

3350.00

416.81

Cellar

272

272

3881.40

265.01

58

58

3970.17

444.92

Packaging

352

352

5465.20

1474.94

Cellar Other

236

236

4338.26

714.14

All other areas

281

281

3601.32

195.50

Cellar

274

274

3551.72

1006.02

76

76

2762.76

288.25

Packaging

351

351

4786.81

2294.97

Cellar Other

199

199

3575.48

1314.47

All other areas

221

221

2812.53

250.87

Cellar
Brewing

Evening

Brewing

10/23/18

Morning

Brewing

Large (> 100000 bbls)

10/08/18

Morning

Brewing

Midday

Brewing

N Obs

Std Dev
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Table 2-3—Continued
CO2 Level (ppm)
Brewery Size

Date

Time of
Day
Evening

Brewery Area

N

Mean

274

274

5461.72

3271.20

76

76

4865.39

296.01

Packaging

351

351

7334.16

2990.87

Cellar Other

199

199

5641.66

1687.12

All other areas

169

169

4482.25

1784.12

Cellar

306

306

5971.47

1396.99

88

88

3776.48

479.89

Packaging

420

420

7269.69

4493.62

Cellar Other

122

122

3281.64

73.74

All other areas

200

200

5757.30

1237.22

Cellar

410

410

11528.24

5241.31

73

73

4343.97

900.48

Packaging

154

154

4371.62

1156.89

Cellar Other

148

148

3721.15

218.63

All other areas

301

301

5531.50

292.25

Cellar

230

230

3985.57

266.97

79

79

3430.13

329.87

Packaging

187

187

3736.84

970.55

Cellar Other

162

162

3369.44

99.08

All other areas

185

185

4353.95

693.39

Cellar

358

358

13073.88

3966.97

Brewing

135

135

2435.26

1342.67

Packaging

325

325

4783.45

2296.03

Cellar Other

172

172

4531.40

298.54

All other areas

167

167

6249.16

2455.18

Cellar
Brewing

10/10/18

Morning

Brewing

Midday

Brewing

Evening

Brewing

10/18/18

Morning

N Obs

Std Dev
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Table 2-3—Continued
CO2 Level (ppm)
Brewery Size

Date
11/02/18

Time of
Day
Midday

Brewery Area

N

Mean

225

225

7449.82

2480.43

96

96

1453.96

319.29

Packaging

180

180

1916.56

1170.95

Cellar Other

145

145

1095.24

121.67

All other areas

319

319

2163.13

425.63

Cellar

258

258

4813.29

1339.38

74

74

2063.78

182.30

Packaging

186

186

2826.13

895.90

Cellar Other

136

136

3015.59

836.87

All other areas

217

217

3940.51

2912.04

Cellar
Brewing

Evening

Brewing

N Obs

Std Dev

The means procedure reduced the overall sample size from 27,000 to 38 in a small
brewery, 36 in the medium-sized brewery, and 45 in the large-sized brewery. Tables 2-4, 2-5,
2-6, 2-7, and 2-8 present the descriptive statistics of CO2 exposure levels by the independent
variables of brewery size, day of the week, time of day, and brewery area using only the means
of the independent variables from Table 2-3. Depending on the size of the brewery, geometric
mean CO2 exposure levels varied from 2627 ppm for a small brewery, 2372 ppm for a mediumsized brewery, and 4054 ppm for a large-sized brewery (Table 2-4). Table 2-5 provides the point
estimate of the 95th percentile and the calculated UTL95%,95%. During a week of production,
mean CO2 exposures varied throughout the week (Table 2-6). Mean CO2 exposure levels also
varied throughout the day (Table 2-7). Different functional areas of the brewery also had varied
mean CO2 exposure levels (Table 2-8).
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Table 2-4. CO2 Exposure by Brewery Size
Brewery Size

Geometric
Mean CO2
Level (ppm)

95%
Confidence
Interval

Geometric
Standard
Deviation

Sample Size

Small

2627

2422 – 2851

1.28

38

Medium

2372

2078 – 2707

1.48

36

Large

4054

3522 – 4666

1.60

45

Table 2-5. 95th Percentile Point Estimate and UTL95%,95% by Brewery Size
Brewery Size

Arithmetic
Mean (ppm)

Standard
Deviation
(ppm)

95th Percentile
Point Estimate
(ppm)

UTL95%,95%
(ppm)

Small

2710

652

3952

4470

Medium

2540

880

4509

5510

Large

4510

2250

8756

10800

Table 2-6. CO2 Exposure by Day of Week
Day of Week

GepmetricMean
CO2 Level
(ppm)

95%
Confidence
Interval

Geometric
Standard
Deviation

Sample Size

Monday/Tuesday

2997

2665 - 3370

1.49

46

Wednesday

3356

2903 - 3880

1.53

35

Thursday/Friday

2712

2285 - 3220

1.69

38

39
Table 2-7. CO2 Exposure by Time of Day
Time of Day

Geometric
Mean CO2
Level (ppm)

95%
Confidence
Interval

Geometric
Standard
Deviation

Sample Size

Morning

3308

2867 – 3818

1.56

39

Midday

3081

2717 – 3466

1.50

42

Evening

2638

2246 – 3099

1.63

38

Table 2-8. CO2 Exposure by Brewery Area
Brewery Area

Geometric
Mean CO2
Level (ppm)

95%
Confidence
Interval

Geometric
Standard
Deviation

Sample Size

Cellar

3381

2757 – 4147

1.69

28

Brewing

2648

2303 - 3044

1.42

27

Packaging

3120

2353 - 3754

1.60

27

Cellar Vented

3355

2353 – 4785

1.59

9

All Other Areas

2794

2373 - 3289

1.52

28

A comparison of the mean CO2 exposure for the different independent variables is
needed to determine if there is a significant difference between the mean exposures. One-Way
ANOVAs were calculated for each of the independent variables of brewery size, day of the
week, time of day, and brewery area. Table 2-9 presents the results of the analysis. One-Way
ANOVAs for the independent variables of day of the week, time of day, and brewery area were
not statistically significant. Only brewery size demonstrated a statistically significant difference
in mean CO2 exposure Welch’s F(2, 72.6)

18.4, p <0.001, ω2 = 0.27. The use of Welch's F is

due to a violation of the homogeneity of variance assumption based on a statistically significant
Levene's test.36 The Games-Howell post hoc analysis, for variances not homogeneous,36
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revealed higher mean CO2 levels in a large brewery than a small brewery (mean difference =
0.434, p <0.001). Mean CO2 levels for a large brewery were statistically higher than a mediumsized brewery (mean difference = 0.536, p <0.001). Small and midsized breweries were not
statistically different from one another (mean difference = 0.102, p = 0.38). Figure 2-5 is a plot
of the mean CO2 levels by brewery size.
Table 2-9. One Way ANOVAs of Mean CO2 Levels by Size, Day, Time, and Area
F or Welch's F*

df between

df within

Significance
(p)

ω2

<0.001

0.27

p = 0.13

N/A

p = 0.08

N/A

p = 0.63

N/A

Brewery Size
18.4*

2

72.6
Day of Week

2.07

2

116
Time of Day

2.61

2

116
Brewery Area

1.667

3

116
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Figure 2-5. Mean CO2 exposure level by size of brewery.

Descriptive statistics grouped by brewery size for the independent variables of the day of
the week, time of day, and brewery area are in Tables 2-10, 2-11, and 2-12. All other areas in
the breweries included warehouse, supply storage, hop storage, break rooms, and loading docks.
Table 2-13 displays the results of the one-way ANOVAs grouped by the size of brewery
comparing CO2 exposure mean levels for each of the remaining independent variables of the day
of the week, time of day, and brewery area.
In small breweries, the only significant differences in mean CO2 exposures were
associated with the time of day the measurements took place, F(2, 35)

5.62, p

0.003, ω2 =

0.20. Table 2-14 shows the results of the planned contrasts. The contrasts reveled that in small
breweries mean CO2 exposures were higher in the midday when compare to measurements taken
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in the morning and evening. Mean CO2 exposures obtained in the morning were not statistically
different from those measurements taken in the evening.

Table 2-10. Descriptive Statistics by Day of Week by Brewery Size
Geometric
Mean CO2
Level (ppm)

95%
Confidence
Interval

Geometric
Standard
Deviation

Sample Size

Small Brewery
Monday/Tuesday

2571

2237 - 2954

1.33

19

Wednesday

3094

2627 - 3644

1.22

8

Thursday/Friday

2422

2193 - 2675

1.16

11

Midsized Brewery
Monday/Tuesday

2441

1908 - 3123

1.47

12

Wednesday

2353

1951 - 2837

1.34

12

Thursday/Friday

2322

1694 - 3183

1.64

12

Large Brewery
Monday/Tuesday

4289

3700 - 4973

1.31

15

Wednesday

4655

3848 - 5633

1.41

15

Thursday/Friday

3337

2316 - 4807

1.93

15
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Table 2-11. Descriptive Statistics for Time of Day by Brewery Size
Geometric
Mean CO2
Level (ppm)

95%
Confidence
Interval

Geometric
Standard
Deviation

Sample Size

Small Brewery
Morning
(6 AM-10 AM)

2534

2270 - 1829

1.19

12

Midday
(10AM – 2 PM)

3019

2657 - 3431

1.26

15

Evening
(2 PM – 6 PM)

2261

1906 - 2683

1.29

11

Midsized Brewery
Morning
(6 AM-10 AM)

2699

2144 - 3396

1.44

12

Midday
(10AM – 2 PM)

2769

2454 - 3124

1.21

12

Evening
(2 PM – 6 PM)

1785

1357 - 2347

1.54

12

Large Brewery
Morning
(6 AM-10 AM)

4819

3873 - 5998

1.48

15

Midday
(10AM – 2 PM)

3425

2443 - 4802

1.84

15

Evening
(2 PM – 6 PM)

4037

3395 - 4801

1.37

15
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Table 2-12. Descriptive Statistics for Brewery Area by Brewery Size
Geometric
Mean CO2
Level (ppm)

95%
Confidence
Interval

Geometric
Standard
Deviation

Sample Size

Small Brewery
Cellar

2672

2304 – 3099

1.23

10

Brewing

2734

2221 – 3366

1.31

9

Packaging

2770

2256 – 3402

1.31

9

All Other Areas

2627

1977 - 2855

1.29

10

Midsized Brewery
Cellar

2486

1895 – 3263

1.42

9

Brewing

2235

1709 - 2923

1.42

9

Packaging

2505

1702 - 3688

1.65

9

All Other Areas

2272

1678 – 3077

1.48

9

Large Brewery
Cellar

5974

4161 – 8575

1.60

9

Brewing

3036

2245 – 4106

1.48

9

Packaging

4378

3143 – 6098

1.54

9

Cellar Vented

3355

2352 – 4785

1.59

9

All Other Areas

4111

3149 - 5367

1.42

9
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Table 2-13. Results of One Way ANOVA by Independent Variable by Brewery Size
Independent
Variable

F or Welch's F*

df between

df within

Significance (p)

ω2

Small Brewery
Day of Week

2.61

2

35

p = 0.09

NS

Time of Day

5.62

2

35

p = 0.003**

0.20

Brewery Area

0.762

3

34

p = 0.52

NS

Midsize Brewery
Day of Week

0.050

2

33

p = 0.95

NS

Time of Day

6.20

2

33

p = 0.005**

0.22

Brewery Area

0.194

3

32

p = 0.90

NS

Large Brewery
Day of Week

1.47*

2

25.8

p = 0.25

NS

Time of Day

3.07

2

42

p = 0.09

NS

Brewery Area

3.47

4

40

p = 0.02**

0.22

Table 2-14. Results of Planned Contrasts of Small Brewery – Time of Day
Time of Day
Contrasts
Morning < Midday
(excluding Evening)
Midday > Evening
(excluding Morning)
Morning > Evening
(excluding Midday)

t value

df

Significance
(p)

R

2.04

35

0.048*

0.33

3.28

35

0.002*

0.48

1.23

35

0.23

NS

In midsized breweries, mean CO2 exposures were statistically different depending on the
time of day of measurements, F (2,33)

6.20, p

0.005, ω2 = 0.22. Table 2-15 lists the results

of the planned contrasts. There were statistically significant differences in mean CO2 exposures
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depending on the time of day the measurements were obtained in the midsized brewery. The
mean CO2 exposures were lower in the evening when compared to measurements taken in the
morning or at midday. There was not a significant difference in mean CO2 exposure
measurements take in the morning or midday in a midsized brewery.
Table 2-15. Results of Planned Contrasts of Midsized Brewery – Time of Day
Time of Day
Contrasts

t value

df

Significance
(p)

R

Morning < Midday
(excluding Evening)

0.184

33

0.056

NS

Midday > Evening
(excluding Morning)

3.14

33

0.004*

0.48

Morning >Evening
(excluding Midday)

2.95

33

0.006*

0.46

Lastly, the one way ANOVAs grouped by brewery size showed a significant difference in
the mean CO2 exposures in different locations within a brewery in large brewery operations,
F(4,40)

3.47, p

0.016, ω2 = 0.18. The basis of planned contrasts (Table 2-16) for the brewery

is where CO2 is created and used in brewery operation, i.e., the cellar and packaging areas.13,16
Planned contrasts revealed statistically significant (higher) mean CO2 exposures in the cellar than
other areas of the brewery. The packaging area did not have significant mean CO2 exposure that
is different from any other area, including the cellar.
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Table 2-16. Results of Planned Contrasts of Large Brewery – Brewery Area
Brewery Area
Contrasts

t value

df

Significance
(p)

R

Cellar > Brewing,
Packaging, Cellar
Vented, and All Other
Areas

3.07

40

0.004*

0.44

Cellar > Brewing,
Cellar Vented, All
Other Areas
(excluding Packaging)

3.33

40

0.002*

0.47

Packaging > Brewing,
Cellar Vented, All
Other Areas
(excluding Cellar)

1.42

40

0.163

NS

Packaging < Cellar
(excluding Brewing,
Cellar Vented, and All
Other Areas)

1.56

40

0.127

NS

Based on where CO2 is created and used in brewery operation, and the ANOVA analysis
that revealed higher mean CO2 exposure levels, the cellar area mean exposures were further
analyzed.13,16 Table 2-17 shows the results of the one-way ANOVA's comparison of mean CO2
levels for the Cellar by the independent variables of the day of the week, time of day, and
brewery size. Only the size of the brewery showed a statistically significant difference in the
mean CO2 exposure levels, Welch's F(2, 14.23)

11.7, p

0.001, ω2 = 0.54. The use of

Welch's F is due to a violation of the homogeneity of variance assumption based on a statistically
significant Levene's test.36 Table 2-18 displays the results of planned contrasts. The basis for
the planned contrasts was the assumption that mean CO2 exposure levels would increase with the
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size of the brewery. The contrast revealed the large brewery had statistically significant (higher)
mean CO2 exposures in the cellar than midsized or small breweries.
Table 2-17. Results of Cellar Area ANOVA by Day of Week, Time of Day, and Brewery Size
Independent
Variable

F or Welch's
F*

df between

df within

Significance (p)

ω2

Day of Week

0.65

2

25

0.53

NS

Time of Day

0.96

2

25

0.40

NS

Brewery Size

11.7*

2

14.23

0.001**

0.54

Table 2-18. Results of Planned Contrasts of Brewery Size for Cellar CO2 Exposures
Brewery Size
Contrast

t value

df

Significance
(p)

r

Small < Medium
(excluding Large)

-0.55

12.6

0.603

NS

Small < Large
(excluding Medium)

4.74

10.8

0.001*

0.80

Medium < Large
(excluding Small)

4.47

14.9

<0.001*

0.81

Large > Small and
Medium

4.93

11.0

<0.001*

0.83

Discussion
The mean CO2 exposure for all breweries was 3000 ppm. This measured exposure level
compares to the eight-hour time-weighted average exposure limit of 5000 ppm.8,18,28 The point
estimate for the 95%tile was 6180 ppm, and the UTL95%,95% was calculated at 7160 ppm.
Industrial hygienists categorize exposure in four categories based on the percentage the
UTL95%,95%, (Table 2-19) is of the exposure limit to determine what type of controls should be
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recommended.26,37 Because the UTL95%,95% of 7160 ppm exceeded the exposure limit of 5000
ppm (143%), it is a control category four exposure. An exposure control category of 4 would
call for the implementation of engineering methods to reduce employee exposure to CO2.
Table 2-19. Exposure Control Category (AIHA)37
Exposure Control
Category

Cutoff (%OEL)

1

1% < X

2

10% < X

< 50% Chemical specific training

3

50% < X

< 100% Exposure surveillance, medical
surveillance, work practices training

4

X

0.95
0.95

0.95

0.95

< 10%

Controls Recommended

> 100%

General hazard communication training

Respirators & engineering controls, work
practice controls

The Effect of Brewery Size
The mean CO2 exposure levels changed based on the size of the brewery. The large
brewery had greater mean exposures than either the small or midsized breweries. There was not
a statistical difference between small and midsized breweries. The differences in mean exposure
in different sized breweries are related to the difference in fermentation volume, packaging line
speeds, and the square footage of each brewery. Observations confirmed the fact that packaging
lines ran nearly continuously in large breweries. One packaging line ran just in the mornings in
the midsized brewery and only once or twice a week in the small brewery. The large brewery
had frequent evacuations of fermenters that resulted in extremely high levels of CO2 for short
periods of time. There were no observations of the evacuation of fermenters in the small and
midsized brewery during the sampling sessions. Another observation that would impact the
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levels of CO2 in breweries was the ability to open overhead doors. In the large brewery, the only
overhead doors available to be opened were at loading docks. The doors were not left open
unless a truck was at the loading dock. In the midsized brewery, overhead doors were opened
for receiving as there were no loading docks. These doors (3) were frequently left open all day
long, depending on the weather. The small brewery only had one overhead door (no loading
dock), but it was opened several times a day to receive or ship goods.
Brewery size also impacted mean CO2 exposure if one only looked at the brewery cellar
area (Table 2-17). Again the large brewery had higher mean CO2 exposure levels than either the
midsized or small brewery, and the midsized and small breweries did not have statistically
significant means. As stated above, the evacuation of fermenters was observed in the large
breweries and not in small and midsized breweries. Also, the number of barrels processed
annually per square foot was much greater in the large brewery, 5.1, compared to 1.2 for the
midsized brewery, and 0.96 for the small brewery.
The Effect of the Day of the Week
It was hypothesized that the day of the week in which the measurements were obtained
could impact CO2 exposure based on the production schedule of a craft brewery. Brewing
generally takes place early in the week, so fermenters would be more active during the middle of
the week and then taper off at the end of the week. The hypothesized trend appeared to be
prevalent in small and large breweries (Table 2-10), but the analysis did not reveal a statistical
difference in the day of the week. The large brewery ran two shifts five days a week and did not
follow the pattern that was hypothesized. Packaging activities also ran daily in midsized and
large breweries throughout the week and would negate a difference in exposure levels from day
to day. The small brewery followed the pattern of brewing early in the week, but the packaging
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of cans and kegs was inconsistent and occurred on random days of the week. The inconsistency
indicates that packaging activities have an impact on the levels of CO2 found in breweries.
The Effect of Time of Day
Similar to the day of the week measurements, it was thought that daily production
schedules could cause fluctuations throughout the day with the highest levels in the middle of the
day. This trend was observed in small and midsized breweries that were one shift operations. In
the small brewery, mean CO2 exposure levels peaked in the middle of the day (Table 2-11).
Mean levels in a small brewery were higher from the mean exposure levels measured in the
morning and the evening. The mean levels in the morning were not significantly different from
the mean exposure in the evening (Table 2-14). The difference in mean exposure levels is
attributed to more activity around moving wort and beer after brewing took place in the morning.
Packaging operations were set up in the morning, and actual packaging started in the middle of
the day. In the midsized brewery, a slightly different trend of mean exposure levels occurred
throughout the day. Mean exposure levels were similar in the morning and midday and then
dropped in the evening (Table 2-11). The packaging operations were in operation at the time the
morning and midday measurement sessions. No packaging operations were running during the
evening measurement sessions. The large brewery was a multiple shift operation, and mean
exposure levels remained relatively consistent throughout the day (Table 2-11).
The Effect of Brewery Area
Brewer's CO2 exposures can be affected by where they are in a brewery. In small and
midsized breweries, there were no statistically different mean CO2 exposure levels between the
different functional areas in the brewery (Table 2-13). The lack of difference can be attributed to
the fact that small and midsized breweries are smaller based on square footage, and they had one
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contiguous area with no separation between the functional areas. Packaging lines were near the
cellar, and the cellar was directly adjacent to the brewing operations. The packaging and cellar
areas of the large brewery did have elevated levels of CO2 exposure when compared to other
areas of the facility (Table 2-12). In the large brewery, there were separations of the different
functional areas. The areas were enclosed with walls with limited openings compared to the
open areas with no separation in the small and midsized breweries. Also, the speed of the
packaging lines and separation from other areas contributed to higher CO2 levels found in the
large brewery in comparison to much lower packaging volumes in the other sized breweries. In
the large brewery, the "all other areas" had a higher mean exposure levels and was nearly as high
as packaging (Table 2-12). Most of the measurements for "all other areas" occurred in the
breakroom of the brewery. The breakroom was adjacent to the largest direct vented cellar in the
facility contributing to the higher measured levels of CO2 for "all other areas."
Conclusions
The characterization of carbon dioxide exposures in craft breweries is important for the
protection of brewer's health. Understanding the where, when, and the magnitude of CO2
exposures in breweries of different sizes is essential in implementing controls to reduce or
eliminate these exposures. Overall levels measured in all breweries indicate that CO2 exposure
levels could exceed the legal and recommended exposure limits for CO2 measured for 8 hours.
Exposures of CO2 to brewers increased with the size of the brewery operation. Exposures
to CO2 are the biggest issue for breweries that are classified as large. The annual production
volumes, the amount of active fermentation, and the speed of packaging lines lead to increased
CO2 exposures. The production cycle in small and midsized breweries had a greater effect on
CO2 exposures levels than in a large brewery. The configuration of the facility with functional
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areas that are separated by walls also leads to increased CO2 exposure to brewers. The ability to
open overhead doors in small and midsized breweries was effective in reducing CO2 exposure to
their employees. However, while opening overhead doors helps with CO2 exposures, it could
lead to potential product contamination.
The generalization of this data is limited because each brewery is unique in configuration,
production volume, and physical size. However, this study does give breweries an idea of the
potential CO2 exposures that can occur within their facility. It does assist breweries in targeting
the potential engineering and work practice controls to the packaging and cellar areas that are
responsible for the greatest CO2 exposures.
This study serves as a start to better understand where, when, and how CO2 exposures
occur in breweries. This understanding assists breweries to be able to control CO2 exposures and
improve the health of their employees.
Recommendations
Based on this research:


Craft breweries should consider engineering controls such as additional dilution
ventilation and well-designed extraction ventilation to control CO2 exposures.



Craft breweries should consider process controls that reduce exposure to CO2, such as
dedicated evacuation lines or piping fermentor vents outside the building instead of
directly venting them to the cellars.



Increasing dilution ventilation through mid-day in small and midsized breweries
would reduce exposures to CO2.



Specific jobs in a brewery should be monitored to determine the exact nature of the
CO2 exposures to brewers, especially in the cellar and packaging areas.
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Measurements of CO2 exposures at different times of the year would also be
beneficial to determine if CO2 exposures vary seasonally.
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CHAPTER III
COMBINED RISK ASSESSMENT: THE INTERACTION OF CO2 EXPOSURE,
WORKLOAD, AND MUSCULOSKELETAL DISORDER RISK ON
HEARTRATE FOR SELECT TASKS IN A CRAFT BREWERY
Introduction
The business of craft brewing has greatly expanded over the past 20 years.1 The number
of craft breweries has increased from approximately 1000 in 1996 to over 8,300 in 2019.1 As a
result of this growth, craft breweries are employing many more workers today than they did 20
years ago. Craft beer is produced in breweries that are defined as having three characteristics;
small (producing < six million barrels annually), independent, and brew beer traditionally.2,3
Employment in all types of brewery operations has more than doubled since 2006 to over 69,900
employees in 2018.4,5 Most of this growth is attributed to craft breweries as large brewery
operations continue to lose market share to craft and import beers.1 Employer concern for the
safety and health of craft brewery workers has not kept pace with the rapid expansion of craft
breweries.6 Craft brewers, as opposed to large multinational brewers, are small employers, and
thus lack the resources necessary to adequately address the occupational safety and health of
their employees.7
Brewers, in all types of breweries, face many hazards in their work environment. These
include the potential for burns from contact with hot liquid, chemical exposures from cleaners
and sanitizers, and exposure to carbon dioxide (CO2). They also face slip and fall hazards from
wet floors and strains and sprains from hard physical work.6,8–10 Four types of injuries account
for nearly all of the reported days away from work cases occurring in breweries between 2011
57
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and 2019. Strains and sprains injuries are by far the most reported serious occupational injury in
breweries. Strains and sprains injuries accounted for 47% of the reported day away from work
cases in all types of breweries from 2011 to 2019.10 Besides strains and sprains injuries, physical
contact injuries accounted for 19.7%, slip and fall incidents accounted for 16.1%, and exposure
to chemicals and the environment accounted for 14% of the days away from work cases from
2011 to 2018.10 The injury and illness data indicates the risks of strains and sprains and
exposures to chemicals and the environment, such as CO2 exposure, have not been adequately
addressed to ensure the safety and health of craft brewers.
The risk of MSDs from strains and sprains continues to be a problem in the United States
in a manufacturing environment. In 2018, 33.7% of the reported days away from work cases in
manufacturing were from strains and sprains, making it the leading cause of serious injury in the
workplace.11 The contribution of the work environment to an increased risk of strains and sprains
injuries has been well documented for many years.12–17 Tasks in craft breweries involve lifting,
working with arms above the shoulders, bending and twisting, handling heavy loads, and
working in awkward postures. All of which are major risk factors for strains and sprains
injuries.11,18,19 Increased physical exertion is associated with an increase in heart rate and has
been demonstrated in several studies of refuse workers.20–22 MSD risks created from poor
ergonomic design can also affect heart rate and perceived physical exertion.23,24 These risk
factors are now recognized as exposures that need to be addressed in the craft brewing
environment to prevent strains and sprains.8,18,19
CO2 exposures for brewers can occur throughout the brewing process. One of the biggest
concerns of CO2 exposure in brewing operations is the asphyxiation hazard when entering
confined spaces.8,25 The death of seven brewery workers in 2013, due to CO2 exposures in a
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confined space, sparked greater concern for worker safety and highlighted the need for
education.26,27 Releases of carbon dioxide to the environment occur in many locations during the
process of brewing beer.28–31 Most of the CO2 produced in a brewery is a byproduct of the
fermentation or cellaring process, where yeast converts sugars to alcohol.29(p2),30 Brewers also
use 100% CO2 to move wort and beer from vessel to vessel to prevent oxidation in the final
product. CO2 is also used to remove oxygen from final packaging containers before the beer is
added.29,30
The health effects of exposure to CO2 has been researched since the turn of the century
and has led to the establishment of occupational exposure limits for CO2.32 In the early 1920s,
researchers first documented the toxic effects on humans of occupational exposures to CO2.32
Occupational health issues ranged from shortness of breath, increased heart rate, to death. In
1972, OSHA established a permissible exposure limit of 5,000 parts per million (ppm) for eight
hours of exposure.33 The limit was based on research on the toxic effects of CO2 exposures
documented in the literature at that time.34 The basis for the limit was to avoid narcosis and
increased respiratory rates in the occupational environment.34 The American Conference of
Governmental Industrial Hygienists (ACGIH) has also established a recommended exposure
limit called a Threshold Limit Value (TLV) for CO2. The TLV for eight hours of exposure is
5000 ppm, and the short-term exposure limit for 15 minutes of exposure is 30,000 ppm. The
basis for the establishment of the ACGIH exposure levels is the potential for asphyxiation and
metabolic stress.35 The effect of lower CO2 exposure levels, below 1% (10,000 ppm), on
workers, is not well understood and is essential in determining the methods to improve the
working conditions in breweries. Studies that looked at CO2 exposures less than 5000 ppm have
focused on the ability of subjects to cognate and the incidence of headaches.36–43 Physical
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exertion, while breathing elevated levels of CO2, at 1% (10,000 ppm) and greater, can lead to
increased heart rate and physical fatigue sooner than without CO2 exposure.32,44–53 Most research
has been focused on CO2 exposure levels of more than 1% (10,000 ppm). Two studies on lower
exposures levels (at or below 5,000 ppm) showed increases in respiration and heart rate.41,54
The aggregate or combined risk to the workload, MSD risk, and CO2 exposures in a
brewer's job tasks could lead to a greater chance of injury than if only exposed to one of these
factors. Cumulative or combined risk assessments is a new idea that has started to permeate how
risk evaluations of the work environment are performed. Cumulative risk assessments combine
the occupational factors, non-occupational factors, community factors, and individual and
behavioral factors to achieve a complete understanding of the risk of a particular agent or
agents.55–57 There is a need to assess the workload demands, MSD risk, and exposure to CO2 to
get a more accurate picture of how these factors, in the work environment, combine to affect the
physiological health of brewers. No research has evaluated the combined risk of CO2 exposure,
ergonomic risk (MSD risk and workload demands) of common craft brewery tasks. A graphical
representation of the interactions is found in Figure 3-1.
This study attempts to answer the following question in order to understand the
physiological effects of CO2 exposure, workload, and MSD risk on a craft brewer:


How does CO2 exposure affect heart rate in selected brewery tasks?



How does MSD risk affect heart rate in selected brewery tasks?



How does workload heart rate in selected brewery tasks?
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Figure 3-1. Representation of occupational stressors affecting craft brewers.

Methods
During the performance of everyday tasks, brewers are exposed to different levels of
CO2, MSD risk, and workload. All three of these factors can affect their heart rate as they
perform their job tasks. Data was collected using a Video Exposure Monitoring (VEM™)
system in order to better understand the relationship between CO2 exposure levels, MSD risk,
workload, and heart rate. The system consisted of a video camera, a Non-dispersive Infrared
(NDIR) CO2 sensor, and a wrist-mounted optical heart rate monitor. MSD risk was evaluated by
the Rapid Entire Body Assessment (REBA). Workload demand of the job tasks was evaluated
using the National Aeronautical and Space Administration's (NASA) Task Load Index (TLX).
This data was collected for three tasks in the cellaring and packaging areas in a craft brewery.
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Demographic data of the brewery employees wearing the video exposure monitoring data
was gathered via a questionnaire. Data gathered from the questionnaire included gender, age,
height, weight, the department assigned, job title, and years working in the current position.
Carbon dioxide exposures have traditionally been analyzed using an analytical method
prescribed by OSHA. This indirect method does not provide instantaneous results.58 For the
purposes of this study, CO2 was measured with a real-time or direct reading methodology using a
nondispersive infrared (NDIR) sensor. NDIR sensors utilize the molecular absorbance of
infrared (IR) radiation at a specific wavelength, near 4.3 µm for CO2, to detect the presence of a
gas in the air. The use of NDIR sensors for CO2 in a brewery environment has proven to be as
accurate and precise as the current OSHA analytical method with deviations not exceeding
7.2%.59 The NDIR sensors for personal exposure monitoring were a MinIR 5% CO2 Smart LED
Sensor (CM-40331, CO2Meter.com). The CO2 sensor samples the environment through
diffusion. The sensor had a range of 0 to 50,000 ppm (0% to 5%) and a resolution of 10 ppm. A
handheld NDIR monitor used for area measurements was a ToxiRae Pro CO2 (PGM-1850,
Honeywell). The NDIR sensor for the ToxiRae Pro used diffusion to sample the air, had a range
of 0-50,000 PPM (0 to 5%), and a resolution of 100 ppm. Both the CO2Meter.com sensors and
the ToxiRae Pro have operating ranges from 0º to 50º C and from 0 to 95% relative humidity. All
sensors were calibration checked or bump tested before use with 100% N2 (zero gas) and 2.5%
CO2 (balance N2) before use. Sensors not responding to within 5% of the calibration gas
specification received a full calibration.
Heart rate data were collected with a wrist-mounted sensor that uses a technology called
photoplethysmography. Photoplethysmography is an optical sensor that detects blood flow and
in combination with accelerometer data and uses an algorithm to calculate a heart rate.60 The
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heart rate sensor streamed real-time data to a receiver via ANT, a multicast wireless sensor
network technology. Optical heart rate monitors are as effective as an electrocardiograph (ECG)
for measuring heart rate in the field.61
Video exposure monitoring (VEM™) is a technique by which video of the job tasks is
synchronized with air sampling data to assist the industrial hygienist in understanding where
exposures are taking place. VEM™ has evolved to where direct reading instruments and video
are synchronized in this case CO2 levels and heart rate, second by second, and time-stamped to
give a better picture of the exposure task being filmed.62–64 This research utilized the newest
advancements in video exposure monitoring by having the direct reading instruments and video
stream data directly into a miniature computer (Raspberry Pi 3) using proprietary software for
data collection and storage for later analysis. Figures 3-2 to 3-4 give a pictorial representation of
the entire system and the system in use with a brewery worker. Besides data collection, the
VEM™ system assists in the analysis when assessing risk. It allows for a much quicker analysis
to determine where and when exposures to hazardous substances, in this case, CO2, and what the
heart rate is at that exposure level. The information from VEM™ helps pinpoint exposures that
are detrimental to employees' health and determine the best way to control those exposures. An
example of the analysis that VEM™ provides is present in Figure 3-5.
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Figure 3-2. VEM™ system components.

Figure 3-3. VEM™ system front view.
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Figure 3-4. Heart rate sensor placement.

Figure 3-5. Example of VEM™ analysis for risk assessment.
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The biomechanical analysis was accomplished using the Rapid Entire Body Assessment
(REBA) Form.65 The program predicts the compressive forces on the back, upper, and lower
extremity joints. Video footage, measurements of the work area, weights of the material being
handled, and observational notes were used to evaluate sub-tasks within each job assignment
studied. When evaluating job tasks with REBA, the researcher was blind to the heart rate and
CO2 measurements observed at the same time. REBA scores the following biomechanical inputs
neck, trunk, legs, upper arm, lower arm, wrist, load, and activity to generate an estimation of
biomechanical risk.65,66 REBA has proven to accurately predict the biomechanical risk to a
person through numerous research studies.66–71 This estimation of risk allowed for a comparison
of MSD risk for the brewery job tasks that were evaluated.
Workload measurements take into account mental as well as physical demands of a job
task. The workload was measured using a tool developed by NASA called Task Load Index or
TLX. This measurement of workload uses six subscales of mental demand, physical demand,
temporal demand, frustration, performance, and effort to produce an index of workload for a
task.72 The NASA TLX has been used extensively in many different research studies to
determine the workload associated with tasks.72,73 Brewery workers assessed the job task by first
performing a pairwise comparison of the six subscales. The pairwise comparison was used to
determine the weighting of each subscale for the combined workload weighted rating. The
workers evaluated each particular subscale on a 100 point measurement scale. This data was
collected on an Apple iPad using an IOS application or app.74
Job tasks were selected for evaluation based on input from brewery workers, brewery
management, and researcher observations. The goal in task selection was to choose tasks that
had high and variable CO2 exposures and were variable in terms of physical demand and MSD
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risk. Based on that goal, the selection relied on inputs from brewery workers on what made their
job tasks difficult, high CO2 exposures, and management's analysis of strains and sprains
injuries. Additionally, observations of the task by the researcher with more than 30 years of
evaluation of occupational safety and health risks in the workplace assisted in the selection of the
tasks for evaluation.
A sampling protocol for the personal exposure measurements was developed to ensure
consistency in measurements for the three job tasks being evaluated. Each data-gathering
session followed the developed subsequent protocol:
i. The NDIR sensor is set to record data every one second.
ii. Employees in the brewery were asked to rate the selected job task work demands
with the NASA TLX application installed on an iPad.
iii. Employees had a sensor placed on the shoulder of their dominant hand at least 18
centimeters from their mouths. Previous research indicated the distance of 18 cm
from the mouth ensured the exhaled breath would not impact the sensor
measurements (Figure 3-3).75
iv. The sensor and video feed are wired directly to the VEM™ system to avoid
interferences.
v. The wrist-mounted heart rate sensor was attached to the dominant hand wrist at a
location above the pisiform bone protuberance on the anterior side of the arm. The
wrist-mounted sensor will provide heart rate data every second and communicate via
ANT wireless (Figure 3-4).
vi. All three data inputs are checked before the system is initiated to record.
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vii. In order to establish a baseline (resting) heart rate, the initial heart rate measurements
are conducted in a CO2 environment of less than 1500 ppm with the participant
standing.
viii. Brewery workers perform the selected task as they normally would. The total
minimum sampling time of 10 minutes would ensure at least 600 data points during
each sampling session.
ix. The inputs for the REBA score are gathered by filming workers with a handheld
video and weighing the materials handled by the workers on a scale.
The protocol was repeated at various times of the day (i.e., morning, noon, and late
afternoon) and various days of the week (i.e., Monday, Wednesday, and Friday) for each of the
three selected job tasks for a total of at least nine sampling sessions for each job task. Exposure
guidance from the AIHA recommends 6-10 samples to effectively reduce variation in estimating
the mean and standard deviation of a population.76
Table 3-1 contains a list of the variables used in the descriptive analysis. The statistical
analysis of the data gathered was completed using SPSS Statistics 24 (IBM Corp.). The analysis
included descriptive statistics and ANOVA to compare the mean percent of the heart rate
increase to the exposure level of CO2 and REBA risk level.
The levels for CO2 concentration were chosen based on the current occupational exposure
limits33,35 of 5000 PPM, and the known CO2 heart rate effects greater than 10,000 PPM. The
choice in levels was also predicated on a previous evaluation of CO2 exposure concentrations in
the brewery. Those findings and the desire to differentiate between exposures between 5000 and
10,000 PPM were why level distinctions were chosen.44,46–48,51,53 The REBA risk levels were
based on the original authors of the REBA scoring system definition.65,66
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Table 3-1. List of Variables for Analysis
Variable

Variable Type

Heart Rate

Dependent

Percent Heart Rate Increase

Dependent

CO2 (PPM)

Independent

CO2 Concentration Level – (0 – 5000 PPM,
5001 – 7500 PPM, 7501 – 10,000 PPM, and >
10,000 PPM)

Independent

REBA Score

Independent

REBA Risk Level – (Low, Medium, and
High)

Independent

Workload Index – NASA TLX

Independent

NASA TLX Physical Demand Score

Independent

A variable was calculated from the measured heart rate and the resting heart rate called
percent heart rate increase from resting. The variable was calculated by subtracting the resting
heart rate measured from each subject from the measured heart rate. The resulting change in
heart rate was divided by the heart rate measured and multiplied by 100. By incorporating the
change in heart rate for each subject from resting heart rate, it allows for comparisons across the
different subjects to assist in the determination of the effect of CO2 concentrations.
Lastly, before analysis, the number of observations for each session was reduced by one
third. The reduction was accomplished by taking means for every three observations of the
continuous variables, heart rate, CO2 concentration, and REBA score. Total observations from
each job task analyzed were reduced from 5741, 7503, and 7416 to 1916, 2504, and 2473,
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respectively. By taking the means of three observations, the sample size for each job task was
closer to the estimated required number of observations of 1724 needed to detect a small effect
size for a four-level ANOVA analysis.77
Results
Twelve different brewery employees agreed to participate in the study and wear the
VEM™ system to collect data during the performance of their job tasks. Five participants
assisted with the data collection for the barrel filling task. Six participants wore the VEM™
system while performing their job tasks as a canning filler operator. Three brewery employees,
working as a cellar operator, wore the VEM™ system to collect data. Two brewery employees
participated both as a cellar operator and barrel filler. Ten of the participants were male, one was
a female, and one was transgender. Other demographic data for the participants are found in
Table 3-2.

Table 3-2. Subject Demographic Variables
Demographic Variable

Range

Mean

Age

21 – 49

29

Height (Inches)

64 – 77

71

Weight (lbs.)

140 – 230

182

Years in Current Position

< 1 – >10

3–5

Three job tasks at a large craft brewery were identified based on input from brewers and
management. Additionally, observations by the researcher on expected workload, MSD risk, and
carbon dioxide exposure concentrations were a factor in selecting the job tasks. The job tasks
chosen were a canning filler operator, cellar operator, and barrel filler. The canning filler
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position was identified for expected high CO2 exposures and low workload and MSD risk. The
cellar operator position was thought to be mid-level as far as workload, MSD risk, and CO2
exposure. The barrel filler task was identified as a position expected to have low to medium CO2
exposures, high workload, and high MSD risk. Individual descriptions of the task steps are found
in the following section.
Task Descriptions
The barrel filling task(s) consisted of the following tasks:


Lifting the barrel filler into the barrel (2 times)



Start the flow of beer into both barrels



Place bung into a previously filled barrel and hammer into place (2 times)



Clean excess from the top of both barrels previously filled.



Move CO2 lines into the next barrels



Monitoring and controlling the filling of the barrels



Shutting off the flow of beer before the barrels overfills



Removing the barrel filler from the barrel and holding it over the hole to drain the
filler (2 times)

The canning filler operator task(s) consisted of the following tasks:


Checking line function



Checking cans for proper printing



Recording observations



Checking line function and counts via computer monitors



Moving tubes of can lids to a machine that feeds can lids.
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Emptying paper from the can lid machine



Checking and emptying the can rejection bin

The cellar operator task(s) consisted of the following tasks:


Gather fittings necessary for transfer



Dispensing sanitizer into buckets of fittings



Carrying hoses



Assembly of transfer fitting and hoses



Adding CO2 to assist in moving of beer



Checking the progress of beer transfer from fermenter on a computer monitor



Bleed CO2 pressure when transfer complete



Disassemble fittings and hoses



Replace hoses in racks and cleaning fittings after use

The data gathered for each job task was accomplished in nine separate sampling sessions.
Each data-gathering session lasted at least 10 minutes. Depending on work requirements, the
sessions often lasted longer than 10 minutes. When the data was inputted for analysis, it was
noted that after approximately 10 – 15 minutes, in several instances, the heart rate monitor was
broadcasting the heart rate at one level with no variation for the remainder of the sampling
session. The heart rate monitor was still functioning properly during the period of no variation,
but the data was not being recorded. It appeared to be a loss of the wireless signal between the
heart rate monitor and the Raspberry PI unit. Before statistical analysis, the datasets were
truncated at the point the heart rate recording ceased to vary, and the signal was lost. Figures 3-6
to 3-10, show boxplots of each job task for CO2 concentrations, REBA Score, NASA TLX,
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NASA TLX Physical Demand subscale score, and the dependent variable of Percent Heartrate
Increase. The mean, standard deviation, median, and range for CO2 concentration, REBA score,
NASA TLX, NASA TLX Physical Demand subscale, score, and the Percent Heart Rate Increase
are found in Tables 3-3 to 3-5 for each job task surveyed.
Figure 3-6. CO2 concentration boxplot by job task.

Figure 3-7. REBA score boxplots by job task.
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Figure 3-8. NASA TLX score boxplots by job task.

Figure 3-9. NASA TLX physical demand score boxplots by job task.
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Figure 3-10. Percent heart rate increase boxplots by job task.

Table 3-3. Descriptive Statistics for Barrel Filling Job Task (N = 1916)
Measured
Variable

Mean

Standard
Deviation

Median

Range

CO2 Conc.
(PPM)

5046 PPM

2840

3973

2220 - 13406

REBA Score
(1-15)

5.2

2.1

5

1 - 11

NASA TLX
(0-100)

68.0

8.9

67.3

58.3 – 79.7

NASA TLX
Physical Demand
(0-500)

394

78.5

400

210 - 475

Percent Heartrate
Increase

28.8

13.2

30.7

0 - 54
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Table 3-4. Descriptive Statistics for Canning Job Task (N = 2504)
Measured
Variable

Mean

Standard
Deviation

Median

Range

CO2 Conc.
(PPM)

8813 PPM

2843

8378

3187 - 20937

REBA Score
(1-15)

1.75

1.5

1

1-9

NASA TLX
(0-100)

59.0

6.1

60

48 – 68.3

NASA TLX
Physical Demand
(0-500)

38.1

11.6

30

25 - 50

Percent Heartrate
Increase

30.4

12.6

29.6

0 - 59

Table 3-5. Descriptive Statistics for Cellar Job Task (N = 2473)
Measured
Variable

Mean

Standard
Deviation

Median

Range

CO2 Conc.
(PPM)

5547

4568

4897

1386 - 50010

REBA Score
(1-15)

2.3

2.2

1

1-9

NASA TLX
(0-100)

55.1

6.1

60.7

46.3 – 60.7

NASA TLX
Physical Demand
(0-500)

240

35.4

225

120 - 240

Percent Heartrate
Increase

25.9

11

25

0 - 53
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A comparison was performed of the mean percent increase in heart rate exposure for the
independent variables of CO2 concentration and REBA score to determine if a significant
difference exists. CO2 concentrations and REBA scores were categorized to determine the
relationship between percent heart rate increase. The frequency and percentages for each of the
categories of CO2 concentrations and REBA risk levels are shown in Tables 3.6 and 3.7,
respectively.

Table 3-6. CO2 Concentration Category Frequency and Percentage of Total for Each Job Task
Barrel Filling

Canning

Cellar

CO2
Concentration

Frequency
(N)

Percent

Frequency
(N)

Percent

Frequency
(N)

Percent

0 – 5000
PPM

1425

74.4

102

4.1

1269

51.3

5001 – 7500
PPM

212

11.1

822

32.8

803

32.5

7501 –
10,000 PPM

28

1.5

887

35.4

287

11.6

>10,000
PPM

251

13.1

693

27.7

114

4.6

Table 3-7. REBA Risk Level Frequency and Percentage of Total for Each Job Task
Barrel Filling

Canning

Cellar

REBA
SCORE

Frequency
(N)

Percent

Frequency
(N)

Percent

Frequency
(N)

Percent

0-3
Low Risk

236

12.3

2163

86.4

1858

75.1

4-7
Medium Risk

1495

78

308

12.3

384

15.5

>7
High Risk

185

9.7

33

1.3

231

9.3
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One-Way ANOVAs were calculated for CO2 concentration level and REBA risk level
each for each of the job tasks that were evaluated. The Welch's F and Games-Howell post hoc
analysis were used in all one-way ANOVA's due to a violation of the homogeneity of variance
assumption based on a statistically significant Levene's tests. Both one-way ANOVAs (CO2
concentration and REBA risk level) for the Barrel Filling job task were statistically significant.
The CO2 concentration levels were reduced from four to three categories due to an extremely
small number of measurements occurring between 7501 to 10,000 ppm of CO2. CO2
concentration level demonstrated a statistically significant difference in mean percent increase in
heart rate, Welch’s F(2, 512.4)

66.1, p <0.001, ω2 = 0.042. The Games-Howell post hoc

analysis revealed a higher mean percent heart rate increase at greater than 5000 ppm (5001 –
7500 PPM - mean difference = 6.98, p <0.001 and greater than7500 – mean difference = 5.71,
p<0.001). The mean percent heart rate increase was not statistically different between 5001 –
7500 ppm and greater than 7500 ppm concentration (mean difference = -1.26, p= 0.3). Figure
3-11 is a plot of the mean percent heart rate increase by CO2 concentration. The one way
ANOVA for REBA Risk level demonstrated significant differences in the percent increase in
heart rate means, Welch's F(2, 327.5)

24.1, p <0.001, ω2 = 0.029. The REBA high-risk level

was significantly lower than both the medium and low-risk levels (low mean difference = -4.75,
p=0.003, medium mean difference = -7.53, p <0.001). Additionally, the medium-risk level had a
higher mean percent increase in heart rate than the low-risk level (mean difference = 2.79, p =
0.015). Figure 3-12 is a plot of the mean percent heart rate increase by the REBA risk level.
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Figure 3-11. Barrel filling mean percent increase in heart rate by CO2 concentration.

Figure 3-12. Barrel filling mean percent increase in heart rate by REBA risk level.
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The one-way ANOVA for the canning fill operator was statistically significant for the
REBA risk level. The one-way ANOVA for mean percent heart rate increase and the CO2
concentration level was not significant, and the plot of the means is found in Figure 3-13. Oneway ANOVA for REBA risk level revealed significant differences in the mean percent increases
in heart rate between the different REBA risk levels, Welch's F(2, 81.6)

7.29, p 0.001, ω2 =

0.005. Games-Howell post hoc analysis showed no statistical difference in mean heart rate
increase between low and high REBA risk levels. The mean percent heart rate increase was
statistically higher at the medium REBA risk level than the low and high REBA risk levels (lowrisk level mean difference = 2.46, p =0.011, and high-risk level mean difference = 6.67,
p =0.003). Figure 3-14 is a plot of the mean heart rate increases by the REBA risk level for the
canning fill operator.
Figure 3-13. Canning fill operator mean percent increase in heart rate by CO2 concentration.
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Figure 3-14. Canning fill operator mean percent increase in heart rate by REBA risk level.

The one-way ANOVAs for the cellar job tasks were statistically significant for both the
CO2 concentration level and REBA risk level. The one-way ANOVA for mean percent heart
rate increase at different CO2 concentration levels was significant, Welch's F(3, 428.4) = 88,
p<0.001, ω2 = 0.10. Post hoc analysis showed a statistical difference in the mean percent heart
rate increase as CO2 concentrations levels increased (p <0.001). There was no statistical
difference in the mean percent heart rate increase between the CO2 concentration levels of 750110,000 PPM and greater than 10,000 PPM. The plot of the mean percent heart rate increases and
CO2 Concentration levels are found in Figure 3-15. One-way ANOVA for REBA risk level
revealed significant differences in the mean percent heart rate increases between the different
REBA risk levels, Welch's F(2, 554.2)

433.7, p <0.001, ω2 = 0.23. Games-Howell post hoc

analysis revealed differences in mean heart rate increases between all REBA risk levels. The
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mean percent heart rate increase was statistically higher at the medium REBA risk level than
both the low and high REBA risk levels (low-risk level mean difference = 13.6, p <0.001, and
high-risk level mean difference = 4.49, p <0.001). The high-risk level mean heart rate increase
was statistically higher than the low-risk level mean heart rate increase (mean difference = 9.1,
p<0.001). Figure 3-16 is a plot of the mean heart rate increases by the REBA risk level for the
cellar operator.
Figure 3-15. Cellar operator mean percent increase in heart rate by CO2 concentration.
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Figure 3-16. Cellar operator mean percent increase in heart rate by REBA risk level.

Discussion
The initial goal of the research was the selection of the specific brewery job tasks that had
different exposures to CO2 concentrations, different MSD risk, and different workloads to
evaluate better the impact of all three on brewer's heart rate. The canning filler operator and the
cellar operator both had the expected higher CO2 exposure concentrations. However, the barrel
filler position had a higher mean CO2 exposure than expected (Table 3-3). The primary
contributor to the higher levels was from one sampling session where CO2 exposures were
significantly higher from the cellar adjacent to the barrel filling area.
The MSD risk was evaluated through REBA scores. The MSD risk level for the cellar
operator was a bit lower than expected at 2.3 (Table 3-5). The mean level of 2.3 fell in the lowrisk category for the REBA risk level as opposed to the medium-risk category that was expected.
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The cellar MSD risk score is highly dependent on where the beer is in the fermentation process,
how quickly the beer can be transferred, and the availability of filtering and carbonation
equipment. Some sampling sessions in the cellar had high amounts of MSD risk when breaking
down fermentation transfer hoses and fittings, while others had little MSD risk when monitoring
a transfer, filtering, or carbonation process.
Brewers' workload measured by the NASA TLX, did not differentiate the job tasks as
expected. It was expected that the barrel filling task would have the highest workload, followed
by the cellar task, and lastly, the canning filler task. The temporal subscale contributed the most
to the canning filler task, which contributed to the overall higher NASA TLX score. When
looking at the NASA TLX Physical demand subscale scores, the anticipated results matched the
outcome for each job task (Tables 3-3 to 3-5, Figure 3-9).
The Effect of Barrel Filling Task on Heart Rate
The distribution of the REBA scores in the barrel filling task had 78% of the observations
in the medium-risk level and 9.7 % in the high-risk level (Table 3-7). This distribution could
have been weighted even more toward high-risk category as the barrel filling task changed
during the process of obtaining data. The initial barrel filling was done horizontally and was
changed to a vertical filling requiring employees to lift a more substantial barrel filling apparatus
to shoulder level and above. Two of the nine sampling sessions were done when filling barrels
vertically. Both types of filling (horizontal and vertical) were analyzed for biomechanical stress
with the University of Michigan’s 3D Static Strength Prediction Program (3DSSPP)78 to
highlight their differences. The 3DSSPP looks at the biomechanical forces on various joints of
the body and predicts the percent of the population that has the strength to perform the task 79.
The results of the analysis are found in Figures 3-17 and 3-18. The analysis clearly shows how
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much more stressful, both in terms of the strength and the localized fatigue predictions, the
vertical barrel filling task in on the elbow, wrist, and shoulder than the horizontal barrel filling
task.
Figure 3-17. 3DSSPP result for horizontal barrel filling.

Figure 3-18. 3DSSPP result for vertical barrel filling.
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Although significant differences were observed in mean heart rate increases at different
REBA risk levels, the effect size was small. Also, the mean heart rate did not continue to
increase at the high REBA risk level as expected. A possible explanation is that fewer
observations were made at a high-risk level, and high-risk level observations were short in
duration. The short duration high MSD risk tasks created possible heart rate increases that were
delayed and then appeared when the REBA risk level changed.
The CO2 exposure concentrations were the lowest in the Barrel House compared to the
other tasks. Nearly 75% of CO2 exposure concentrations observed were below 5000 PPM, more
than any other observed job task. Even though there were statistical differences were observed
between the different levels of CO2 exposure, the effect size was very small. The small effect
size indicates that CO2 levels were not a significant contributor to increases in heart rate among
the participants in the barrel filling task. The lack of observed heart rate increases at different
levels of CO2 exposure concentration, especially above 7500 PPM, could be related to the
limited exposures in the category. The short time duration at higher CO2 levels wouldn't allow
for the heart rate increase to be detected at the same time as the exposure level increased.
The barrel filling workload, as measured by NASA TLX and NASA TLX Physical
Demand subscale, was the highest of any of the job tasks analyzed. Workload, even though a
subjective measurement, influenced the mean percent heart rate increase in participants. As
evidenced by the barrel filling task having the lowest mean CO2 exposure of all three job tasks
(Tables 3-3 to 3-5) but an increase in heart rate, that was the second-highest of the three job tasks
(Tables 3-3 to 3-5, Figure 3-10).
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The Effect of Canning Filling Task on Heart Rate
The distribution of REBA risk levels for the canning filler job task was heavily skewed to
the low-risk level (Table 3-7). The REBA high-risk observations were only observed once for a
short duration of approximately 30 seconds. Similar to the barrel filling job task, the short
duration and only one observation at the REBA high-risk level, may have yielded the unexpected
result of a decrease in heart rate at a higher REBA risk level. Even though there were statistical
differences in the mean heart rate increase at different REBA risk levels, the influence appears to
be limited based on the very small effect sizes and over 86% of the observations at the low
REBA risk level.
The overall canning filler job task had a NASA TLX that was the second-highest mean of
all three job tasks (Tables 3-3 to 3-5). The canning filler job task's NASA TLX subscale of
temporal demand had the most influence on the overall NASA TLX score. The NASA TLX
physical demand subscale mean for the canning fill job task was the lowest for all three job tasks.
The workload, based on physical demand in canning filler job tasks, will have the least influence
on the mean percent heart rate increase.
The mean CO2 exposure concentration in the canning fill job task was the highest of all
three job tasks by more than 3000 PPM (Tables 3-3 to 3-5, Figure 3-6). However, the mean
percent increases in heart rate were statistically similar at different CO2 exposure levels (Figure
3-12). The potential reasons for not observing a difference in the mean percent heart rate
increase at the different CO2 exposure concentration levels are twofold. One explanation is the
fact there were very few observations below 5000 PPM of short duration, and heart rate was
unable to recover quickly enough to demonstrate a difference. The second, and most important
reason, was the consistency of the exposures to CO2 during the performance of the canning filler
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job tasks. The consistency was evidenced by the lowest variation around the mean than any
other job task and the similar distribution of observations between the different CO2 exposure
levels. It was observed that CO2 levels moved up and down between 5000 PPM and 10,000
PPM regularly and were of short duration. Figure 3-19 from the VEM™ analysis is an example
of the fluctuations in CO2 between 5000 and 10,000 PPM. Heart rate was not able to react
quickly enough to the changes in CO2 exposure due to the short duration. Heart rate was able to
reach a level influenced by CO2 exposures around the mean CO2 exposure concentration. Based
on workload and REBA risk level while performing the canning line job task, the heart rate is
most influenced by the exposure to CO2.
Figure 3-19. Example of canning line CO2 level fluctuations.
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The Effect of Cellar Tasks on Heart Rate
Measurements of heart rate in the cellar resulted in the lowest mean percent heart rate
(25.9% - Table 3-5) increase of all three jobs tasks analyzed. Based on the lowest mean percent
heart rate increase in the cellar job task, and the second-highest NASA TLX physical demand
subscale, it would be difficult to conclude that the physical demands of the task influences heart
rate. The disparity may be due to the variety of tasks that were being performed during the nine
different observations and the relatively short duration of tasks of high physical demand.
The MSD risk, as measured by the REBA score, was in the middle of the three job tasks
under study (Table 3-5). The REBA scores had the most variation than other job tasks (Table
3-5). It was expected that this job might have a higher mean REBA score based on the perceived
NASA TLX physical demand subscale score. There was a clear difference in the mean heart rate
increase at the different REBA risk levels with a large effect size, indicating the importance that
MSD risk levels play in the increase of a brewer's heart rate. The mean percent heart rate
increase, however, decreased from the high REBA risk level to medium REBA risk level (Figure
3-16). This result, as previously speculated, is most likely due to the delay in heart rate increases
from the MSD risk and the tasks at those stress levels being short. Because of the delay in heart
rate and short duration at high-risk levels, heart rate cannot react quickly enough, possibly
showing up at different REBA risk levels. Despite this issue, the REBA risk level clearly (based
on the large effect size) is associated with an increase in heart rate generally as the risk level
increases.
Mean CO2 exposure concentrations for the cellar operator were in between the other two
job tasks and were the most variable (Table 3-5). The cellar operator job task had the lowest and
the highest CO2 exposure concentrations measured in any of the three job tasks. Figure 3.14 is a
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graphic display of the mean percent heart rate increases at the different CO2 exposure
concentrations showing their influence on heart rate. Overall increases in heart rate for the
different CO2 levels and REBA risk levels are strongly associated with increased heart rate
among brewery employees working in the cellar. This finding will assist in making sure the
controls implemented in the cellar focus on controlling exposures to CO2 and reducing MSD
risk.
Conclusions
The occupational safety and health challenges in the craft brewing industry need to be
addressed to ensure the health and welfare of brewery employees. While much of the focus has
been on the physical conditions in the breweries, little work has been done to address CO2
exposures and ergonomic issues prevalent in craft breweries. The results of this study have
highlighted the need for craft breweries to address workload, MSD risk, and CO2 exposures to
reduce the impact on brewer's health.
Workload and the physical demand for job tasks has an impact on the heart rate of
brewery employees. Workload, while not directly linked to increases in heart rate, had the most
significant impact on tasks performed while filling barrels. Workload also impacted, to a lesser
degree, the heart rate in brewery employees performing cellar job tasks.
MSD risk was the highest in the barrel filling tasks. The switch from horizontal to the
vertical filling of the barrels during the study significantly increased the MSD risk on brewery
employees filling barrels. MSD risk had the most significant impact on the brewery employees'
heart rates during the performance of cellar job tasks.
Carbon dioxide concentrations were by far the highest in canning fill operator tasks. The
canning filler process creates a consistent exposure to CO2 that resulted in similar heart rate
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increases among operators. Heart rate increases at different levels of CO2 exposure had the
strongest association in the cellar job tasks. The wide fluctuations in CO2 exposure
concentrations and the longer duration of exposures at higher concentrations contributed to the
strong association in the cellar job tasks. Overall, CO2 levels clearly had an effect on heart rate
at levels below 10,000 PPM.
The generalization of this study to the entire craft brewing industry is limited. The
observations took place in a brewery that would be classified as a regional sized craft brewery.
The number and different times of observations helped control the variation in the brewery
environment. CO2 levels in the cellar are highly dependent on what type of beer (based on
specific gravity) is being produced and where the beer is in the process of fermentation. The job
tasks varied greatly from one observation to the next, depending on what work needed to be
completed during the monitoring period. Another limitation is that the physical fitness level of
the brewers was not accounted for and could interfere with the heart rate observations. This
study is also limited in that the interaction of workload, CO2 exposure, and MSD risk on heart
rate were not individually quantified.
Recommendations


Further study is needed in different sized craft breweries is needed to make the results
more generalizable.



Further study is needed under more controlled conditions to quantify the interaction
of workload, biomechanical risk level, and CO2 exposure to the increase in heart rate
while brewers are performing their job tasks.
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Workplace controls to improve working conditions and brewer health and safety need
to consider the combination of exposures, workload, biomechanical risk, and CO2
exposure.

This study has demonstrated that each of the environmental stressors in the brewery
environment can affect the health and safety of brewery employees. Efforts to improve brewery
worker health and safety need to be cognizant of all possible environmental stressors when
implementing controls.
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CHAPTER IV
THE EFFECT OF WORKSTATION DESIGN AND CONTROL MEASURES FOR
CO2 EXPOSURE, WORKLOAD, AND MUSCULOSKELETAL DISORDER
RISK ON HEARTRATE FOR SELECT TASKS IN A CRAFT BREWERY
Introduction
The production of craft beer occurs in breweries that are defined as having three
characteristics. They are small, producing less than six million barrels annually, independent in
terms of ownership, and traditional, as far as ingredients and fermentation.1,2 Craft brewers, as
opposed to large multinational brewers, are small employers and thus lack the resources
necessary to address occupational safety and health of their employees.3 There has been an
expansion of craft breweries in the United States over the past 20 years. The production in craft
breweries has increased over four-fold since 2004 to over 26.3 million barrels in 2019.4 Most of
this increase has come from craft breweries as large breweries have seen their market share of
beer sales decline.4 The increase in the number of craft breweries and employment in craft
breweries has created occupational safety and health issues for the industry.5 Industry trade
associations and regulators have begun to address the issues of occupational safety and health in
craft brewing operations.6 Most of the work thus far has been to increase awareness of safety
concerns in craft breweries and provide tools to educate their employees on the hazards they face
in the performance of their duties.6
Employees in any type of brewery face many hazards in their work environment
including the potential of burns from contact with hot liquid, chemical exposures from cleaners,
sanitizers, and carbon dioxide (CO2) gas, slip and fall hazards from wet floors, and strains and
99
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sprains injuries from hard physical work.5,7,8 Strains and sprains injuries are by far the most
reported severe occupational injury in any type of brewery. Strains and sprains injuries
accounted for 47% of the reported day away from work cases in all types of breweries from 2011
to 2018.8 Four types of injuries account for nearly all of the reported days away from work cases
between 2011 and 2018. Besides strains and sprains injuries, physical contact injuries accounted
for 19.7%, slip and fall incidents accounted for 16.1%, and exposure to chemicals and the
environment accounted for 14% of the days away from work cases from 2011 to 2018.8
The risk of musculoskeletal injuries from strains and sprains continues to be a problem in
the overall manufacturing environment in the United States.9 In 2018, 34% of the reported days
away from work cases in manufacturing were from strains and sprains, a type of MSD, making it
the leading cause of serious injury in the workplace.9 The contribution of the work environment
to an elevation of risk of MSDs is well documented.10–15 Tasks in breweries involve lifting,
working with arms above the shoulders, bending and twisting, handling heavy loads, and
working in awkward postures, creating MSD risk. All of which are major risk factors that
brewers encounter daily.9,16,17 These factors are risks that need to be addressed in the brewing
environment to prevent strains and sprains.7,16,17 Besides the risk of strains and sprains injuries,
MSD risks affect heart rate and perceived exertion.18,19
Releases of carbon dioxide to the environment occur in many locations during the
process of brewing beer.20–23 Most of the CO2 produced in a brewery is a byproduct of the
fermentation or cellaring process, where yeast converts sugars to alcohol.21,22 Brewers also use
100% CO2 to move wort and beer from vessel to vessel and flood vessels with 100% CO2 to
prevent oxidation in the final product.21,22 Lastly, during packaging, CO2 is also used to remove
oxygen from final packaging containers before the beer is added.21,22
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Physical exertion, while breathing elevated levels of CO2, 1% (10,000 PPM), and higher,
can lead to increased heart rate and fatigue sooner than without CO2 exposure.24–34 While most
exposure research has been focused on levels of CO2 exposure more than 1% (10,000 PPM),
there are two studies on the lower concentration exposures (at or below 5,000 PPM) that
evaluated the effect on respiration and heart rate.35,36 Other studies looking at CO2 exposures
less than 5000 PPM have focused on the ability of subjects to cognate and headaches.35,37–43 The
effect of low CO2 exposures (below 1% (10,000 PPM) on workers is not well understood. The
understanding is essential in determining the methods to improve the working conditions in
breweries.
The workload for brewers also has the potential to affect heart rate. The definition of
workload is the amount of work performed in a specific time frame.44 The influence of workload
on heart rate has been demonstrated in several studies.45–48 Workload has several different
factors that influence how employees perceive a task.49 Some of the factors that contribute to the
overall workload perception include the temporal demand, mental demand, perceived effort, and
physical demand of the job.49,50
The aggregate or combined risk to the workload, MSD risk, and CO2 exposures in a
brewer's job tasks could lead to a greater chance of injury than if only exposed to one of these
factors. Cumulative risk assessments is a new idea that has started to permeate how to
accomplish risk evaluations. Cumulative risk assessments combine occupational factors, nonoccupational factors, community factors, and individual and behavioral factors to achieve a
complete understanding of the risk of a particular agent or agents.51–53 This study will not foray
beyond the work environment but will assess the combined effects of workload demands, MSD
risk, and exposures to CO2. Evaluation of the combined risks will enable an accurate picture of
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how these risks affect the physiological health of brewers. No research has evaluated the
combined risk of CO2 exposure, ergonomic risk (MSD risk and workload demands) of everyday
brewery tasks. Figure 4-1 is a graphical representation of the combined risk exposure.

Figure 4-1. Representation of occupational stressors affecting craft brewers.

Industrial hygienists recommend controls or countermeasures to reduce employee
environmental exposure to chemical, biological, and physical hazards.54,55 The controls
recommended fall into a hierarchy based on their effectiveness to reduce or eliminate hazards to
employees. The hierarchy of controls is the elimination of the hazard, the substitution of the
hazard with something less harmful, engineering controls (process and environmental),
administrative controls, and personal protective equipment.54,55 Redesigning a work station or
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work process has the potential to eliminate or reduce MSD risk and workload that would fall into
the elimination or substitution category of the hierarchy of controls.54,55 One way to reduce
exposure to contaminants in the work environment is by engineering controls such as extraction
or local exhaust ventilation or dilution ventilation.54,55 The implementation of workplace
controls to reduce chemical and physical stresses improves the health of workers.54,55
In order to better understand the combined risk of the physiological effects of CO2
exposure, workload, and MSD risk on a brewer and the role controls have in reducing exposure
to hazards this study attempts to answer the following question:


How do changes in the workstation design s influence the heart rate of craft brewers
in selected tasks?



How does the addition of ventilation to control CO2 exposures affect the heart rate of
craft brewers in selected tasks?
Methods

Brewery employees perform many different tasks in the process of brewing and
packaging beer. During the performance of these tasks, brewers are exposed to different levels
of CO2, MSD risk, and workload. All three of these factors can affect their heart rate as brewery
employees perform their job tasks. In order to better understand the relationship between CO2
exposure levels, MSD risk, workload, and heart rate, data was collected using a Video Exposure
Monitoring (VEM) system. The system consisted of a video camera, a Non-dispersive
Infrared(NDIR) CO2 sensor, and a wrist-mounted optical heart rate monitor. MSD risk was
evaluated with the Rapid Entire Body Assessment (REBA). Workload demand of the job tasks
was evaluated using the National Aeronautical and Space Administration's (NASA) Task Load
Index (TLX). This data was collected for three tasks, measurements were obtained at the existing
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job tasks, and then and the job tasks were evaluated after workstation design changes were
implemented.
Demographic data of the brewery employees wearing the video exposure monitoring data
was gathered via a questionnaire. Data gathered from the questionnaire included gender, age,
height, weight, the department assigned, job title, years of brewery experience, and years
working in the current position.
Carbon dioxide exposures have traditionally used an analytical method prescribed by
OSHA. This indirect method does not provide instantaneous results (19). This research used a
real-time or direct reading methodology using a nondispersive infrared (NDIR) sensor that will
detect CO2. NDIR sensors utilize the molecular absorbance of infrared (IR) radiation at a
specific wavelength, near 4.3 µm for CO2, to detect the presence of gas in the air. The use of
NDIR sensors for CO2 in a brewery environment has proven to be as accurate and precise as the
current OSHA analytical method with deviations not exceeding 7.2%.57 The NDIR sensors for
personal exposure monitoring were a MinIR 5% CO2 Smart LED Sensor (CM-40331,
CO2Meter.com). The sensor uses diffusion for air sampling, had a range of 0 to 50,000 PPM
(0% to 5%), and a resolution of 10 PPM. A handheld NDIR monitor used for area measurements
was a ToxiRae Pro CO2 (PGM-1850, Honeywell). The NDIR sensor for the ToxiRae Pro used
diffusion to dimple the air, had a range of 0-50,000 PPM (0 to 5%), and a resolution of 100 PPM.
Both the CO2Meter.com sensors and the ToxiRae Pro had operating ranges from 0º to 50º C and
from 0 to 95% relative humidity. All sensors were calibration checked/bump tested before use
with 100% N2 (zero gas) and 2.5% CO2 (balance N2). Sensors not responding to within 5% of
the calibration gas specification received a full calibration.
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Heart rate data were collected with a wrist-mounted sensor that uses a technology called
photoplethysmography. Photoplethysmography is an optical sensor that detects blood flow in
combination with accelerometer data and uses an algorithm to calculate a heart rate.58 The wristmounted sensor streams real-time data to a receiver via ANT, a multicast wireless sensor
network technology. Optical heart rate monitors are as effective as an electrocardiograph
(ECG).59
Video exposure monitoring (VEM™) is a technique by which video of the job tasks is
synchronized with air sampling data to assist the industrial hygienist in understanding where
exposures are taking place.60–62 VEM™ has evolved to where direct reading instruments and
video are synchronized in this case CO2 levels and heart rate, second by second, and timestamped to give a better picture of the exposure task being filmed. This research utilized the
newest advancements in video exposure monitoring by having the direct reading instruments and
video stream data directly into a miniature computer (Raspberry Pi 3) using proprietary software
for data collection and storage for later analysis. Figures 4-2 to 4-4 give a pictorial
representation of the entire system and the system in use with a brewery worker. Besides data
collection, the VEM™ system assists in the analysis when assessing risk. It allows for a much
quicker analysis to determine where and when exposures to hazardous substances, in this case,
CO2, and what the heart rate is at that exposure level. The information from VEM™ helps
pinpoint exposures that are detrimental to employees' health and determine the best way to
control those exposures. An example of the analysis that VEM™ provides is present in Figure
4-5.
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Figure 4-2. VEM™ system components.

Figure 4-3. VEM™ system front view.
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Figure 4-4. Heart rate sensor placement.

Figure 4-5. Example of VEM™ analysis for risk assessment.
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The MSD risk analysis was accomplished using the Rapid Entire Body Assessment
(REBA) Form.63 The program predicts the compressive forces on the back and upper and lower
extremity joints. Video footage, measurements of the work area, weights of the material being
handled, and observational notes were used to evaluate sub-tasks within each job assignment
studied. When evaluating job tasks with REBA, the researcher was blind to the heart rate and
CO2 measurements observed at the same time. REBA scores the following biomechanical inputs
neck, trunk, legs, upper arm, lower arm, wrist, load, and activity to generate an estimation of
biomechanical risk.63,64 REBA has proven to accurately predict the biomechanical risk to a
person through numerous research studies.64–69 This estimation of risk allowed for a comparison
of MSD risk for the brewery job tasks evaluated.
Workload measurements consider mental as well as physical demands of a job task. The
workload was measured using a tool developed by NASA to measure workload. NASA
developed a workload measurement tool over 30 years ago called NASA Task Load Index or
TLX. This measurement of workload uses six subscales of mental, physical, temporal,
frustration, performance, and effort to produce an index of workload for a task.70 The NASA
TLX has been used extensively in many different research studies to determine the workload
associated with tasks.49,50 Brewery workers assessed the job task by first performing a pairwise
comparison of the six subscales. The pairwise comparison determines the weighting of each
subscale for the combined workload weighted rating. The workers evaluated each particular
subscale on a 100-point measurement scale. This data was collected on an Apple iPad using an
IOS application or app.70
Initial job tasks were selected for evaluation based on input from brewery workers,
brewery management, and researcher observations. The goal in task selection was to choose
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tasks that had high and variable CO2 exposures and were physically demanding and
biomechanically stressful. Based on that goal, the selection relied on inputs from brewery
workers on what made their job tasks difficult, high CO2 exposures, and management's analysis
of strains and sprains injuries. Additionally, the selection of the job tasks for evaluation was
based on observations of the task by the researcher with more than 30 years of occupational
safety and health risk evaluation in the workplace. After the initial evaluation of the three job
tasks, changes in workstation redesign in the barrel filling task and ventilation controls in the
canning fill and cellar tasks were implemented, and the job tasks were reevaluated with the
VEM™ system.
A sampling protocol for the personal exposure measurements was developed to ensure
consistency in measurements and to reduce inter- and intraday variation from production levels.
Each data-gathering session followed the developed subsequent protocol:
i. The NDIR sensor is set to record data every one second.
ii. Employees in the brewery were asked to rate the selected job task work demands
with the NASA TLX application installed on an iPad.
iii. Employees had a sensor place on their dominant hand shoulder at least 18
centimeters from their mouth. Previous research indicated that the distance of 18 cm
from the mouth ensured the exhaled breath would not impact the sensor
measurements 71 (Figure 4-3).
iv. The sensor and video feed are wired directly to the VEM system to avoid
interferences.
v. The wrist-mounted heart rate sensor was attached to the dominant had wrist at a
location above the pisiform bone protuberance on the anterior side of the arm
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(Figure 4-4). The wrist-mounted sensor will provide heart rate data every second and
communicate via ANT wireless.
vi. All three data inputs are checked before the system is initiated to record.
vii. In order to establish a baseline (resting) heart rate, the initial heart rate measurements
are conducted in a CO2 environment of less than 1500 PPM with the participant
standing.
viii. Brewery workers are to perform the selected task as they usually would. The total
minimum sampling time of 10 minutes would ensure at least 600 data points during
each sampling session.
ix. The inputs for the REBA score are gathered by filming workers with a handheld
video and weighing the materials handled by the workers on a scale.
The protocol was repeated at various times of the day (i.e., morning, noon, and late
afternoon) and various days of the week (i.e., Monday, Wednesday, and Friday) for each of the
three selected job tasks for a total of nine sampling sessions. After workstation control and
design changes were implemented, sampling was repeated for six sampling sessions following
the established protocol. Exposure guidance from the AIHA recommends 6-10 samples to
effectively reduce variation in estimating the mean and standard deviation of a population.72 An
effort was made to use the same employees that participated in both the initial assessment and
the assessment after workstation controls and design changes were implemented.
Table 4-1 contains a list of the variables used in the descriptive analysis. The statistical
analysis of the data gathered was completed using SPSS Statistics 24 (IBM Corp.). The analysis
included descriptive statistics and independent t-tests, to compare all the variable means before
and after controls were implemented. Even though measurements came from the same
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participants before and after the implementation of workstation controls and design changes, the
sampling sessions are independent based on the date and time of the sampling sessions.
The levels for CO2 concentration were chosen based on the current occupational exposure
limits73,74 of 5000 PPM and the known heart rate effects at CO2 concentrations greater than
10,000 PPM. The choice in levels was based on a previous evaluation of CO2 exposure
concentrations in the brewery studied that found CO2 concentrations on average to be
approximately 4000 PPM and the desire to differentiate between exposures between 5000 and
10,000 PPM.25,27–29,32,34 The three REBA risk levels were based on the definition from the
original authors of the REBA scoring system.63,64

Table 4-1. List of Variables for Analysis
Variable

Variable Type

Heart Rate

Dependent

Percent Heart Rate Increase

Dependent

CO2 (PPM)

Independent

CO2 Concentration Level – (0 – 5000 PPM,
5001 – 10,000 PPM, and > 10,000 PPM)

Independent

REBA Score

Independent

REBA Risk Level – (Low, Medium, and
High)

Independent

Workload Index – NASA TLX

Independent

NASA TLX Physical Demand Score

Independent
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A variable was calculated from the measured heart rate and the resting heart rate labeled
percent heart rate increase from resting. The variable was calculated by subtracting the resting
heart rate measured from each subject from the measured heart rate. The resulting change in
heart rate was divided by the heart rate measured and multiplied by 100. By incorporating the
change in heart rate for each subject from resting heart rate, it allows for comparisons across the
different subjects to assist in the determination of the effect of CO2 concentrations.
Lastly, before analysis, the number of observations for each session was reduced by one
third. The reduction was accomplished by taking the means of the continuous variables every
three observations. The purpose of this was to reduce the total number of observations from
each job task analyzed. The number of sample points for each job task decreased from 5741,
7503, and 7416 to 1916, 2504, and 2473, respectively, before workstation controls and design
changes were implemented. The number of sample points for each job task decreased from
4044, 4563, and 4563 to 1427, 1348, 1521, respectively, after workstation controls and design
changes were implemented. By taking the means of every 3 three observations, the sample size
for each job task was closer to the estimated required number of observations of 542 needed to
detect a small effect size for an independent t-test analysis.75
Results
Various methods to control CO2 exposures and reduce MSD risk were implemented. The
purpose of the controls was to reduce the exposures and stresses that lead to an increase in heart
rate. The control implemented for the barrel filling job task was a work station redesign to
reduce the risk of MSDs. The focus of the controls implemented in the canning filler and cellar
job tasks was the reduction of CO2 exposure. Two different approaches were used to control CO2
exposures in job tasks. The canning line job task installed a 5000 cubic foot per minute (CFM)
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blower to dilute the CO2 exposure concentrations in the area of the canning filler (Figure 4-6).
The blower was installed approximately 10 feet above and five feet to one side of the filler and
was angled to provide dilution ventilation in an area where canning filler operators monitor the
filler (Figure 4-6).

Figure 4-6. Dilution ventilation (blower) canning filler.

In contrast, the control measures implemented in the brewery cellar to control CO2
exposures were local exhaust ventilation (LEV) or extraction. LEV ventilation is designed to
extract the contaminated air and discharge it outside the building. Two LEV systems were
installed in two separate cellars. Each LEV system was designed to exhaust 5,000 CFM across a
five-foot-wide slot hood (Figure 4-7).
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Figure 4-7. Local exhaust ventilation in cellar.

The controls implemented for the barrel filling task focused on redesigning the barrel
filling apparatus to reduce MSD risk to brewers during the barrel filling process. Figure 4-8
depicts how the barrels were filled before the new apparatus was installed. It required brewers to
lift the 23 lb. filling apparatus in a sustained posture to drain the filling tube before moving it to
the next barrel. The redesign of the filling apparatus uses a jib crane with a tool balancer for
support (Figures 4-9 and 4-10).
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Figure 4-8. Barrel filling apparatus before redesign.

Figure 4-9. Redesigned barrel filling apparatus.
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Figure 4-10. Barrel filler apparatus in use.

Barrel Filling Job Task
The barrel filling job task CO2 exposure concentrations and heart rate were measured on
five different brewers before the work station redesign changes were implemented. The data
gathered before work station design changes were on two different methods of filling barrels,
both horizontal and vertical (Figure 4-8) filling. Two brewers participated in the study after the
implementation of work station design improvements (Figures 4-9 and 4-10). One of those two
brewers participated before and after the installation of workstation changes. Table 4-2 presents
the descriptive statistics for CO2 concentration, REBA score, NASA TLX, NASA TLX physical
subscale score, heart rate, and percent heart rate increase for pre and post work station design for
all participating brewers.
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Table 4-2. Descriptive Statistics for Barrel Filling Pre and Post Control Measurements
Variable

Pre-Control
Mean (N=1916)

Pre-Control
Std. Dev.

Post-Control
Mean (N=1427)

Post-Control Std.
Dev.

CO2 Conc.

5046 PPM

2840 PPM

5414 PPM

1482 PPM

Heart Rate

93.33 bpm

14.96 bpm

86.18 bpm

13.19 bpm

Percent
Heart Rate

28.75

13.25

24.76

10.81

REBA
Score

5.17

2.14

1.70

0.96

NASA TLX

67.96

8.95

45.69

2.86

NASA TLX
Phy.

393.7

78.5

249.9

105.0

CO2 concentrations and REBA scores were categorized to determine the relationship
between percent heart rate increase. Figures 4-11 and 4-12 compare the pre and post control
percent of occurrence for each of the categories for CO2 concentrations and REBA risk levels,
respectively. An analysis of biomechanical joint stress was performed using the University of
Michigan’s 3D Static Strength Prediction Program (3DSSPP)76 to further demonstrate the
difference in the job task after the workstation redesign. The results of that analysis before the
workstation redesign implemented is presented in Figure 4-13, and the results after the
workstation was redesigned is presented in Figure 4-14.
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Figure 4-11. Percentage of CO2 level categories by pre and post control barrel.
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Figure 4-12. Percentage of REBA risk level by pre and post control barrel.
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Figure 4-13. 3DSSPP analysis of barrel filling before workstation redesign.

Figure 4-14. 3DSSPP analysis of barrel filling after workstation redesign.
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Independent variable t-tests were performed on the continuous variable of CO2
concentration, heart rate, percent heart rate increase, REBA score, Nasa TLX, and NASA TLX
physical subscale score. The results of the t-tests are found in Table 4-3. The Levene's tests for
equality of variance were significant (p <0.001) for all the variables considered. Significant and
large effect sizes were observed for the REBA score, NASA TLX, and NASA TLX physical
subscale score. A significant and medium effect was observed heart rate. Significant and small
effects were observed for percent heart rate increase and CO2 concentration.
Table 4-3. Results of Mean Comparison for Continuous Variables (t-tests) Pre and Post Control
Barrel Filling
Variable

Mean

SE

Pre Control

Mean

SE

t

df

p

r

Post-Control

CO2
Concentration

5046

64.88

5414

39.24

-4.861

3028

< 0.001

0.09

Heart Rate

93.33

0.342

86.18

0.349

14.64

3248

< 0.001

0.25

Percent Heart
Rate Increase

28.76

0.303

24.76

0.286

9.577

3313

< 0.001

0.164

REBA Score

5.173

0.049

1.701

0.025

63.11

2810

< 0.001

0.77

NASA TLX

67.96

0.205

45.69

0.076

102.1

2413

< 0.001

0.90

NASA TLX
Physical
Sub-Scale

393.7

1.793

249.9

2.780

43.47

2533

< 0.001

0.65

One brewer participated in the measurement before and after workstation design changes
were installed. Independent variable t-tests were performed on the continuous variables of CO2
concentration, heart rate, percent heart rate increase, and REBA score only on the data obtained
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from that one participant. The results of the t-tests are found in Table 4-4. Independent t-tests
were not performed on Nasa TLX, and NASA TLX physical subscale score because of only one
score. The Levene's tests for equality of variance were significant (p <0.001) for all the variables
except for heart rate. Except for heart rate, equal variances were not assumed. Significant and
large effect sizes were observed for CO2 concentration, REBA score, and percent heart rate
increase. A significant and medium effect was observed heart rate. Table 4-5 is a comparison of
NASA TLX, and NASA TLX physical demand subscale for this one participant before and after
the work station design changes were implemented.
Table 4-4. Results of Mean Comparison for Continuous Variables (t-tests) Pre and Post Control
for Participant #7
Variable

Mean

SE

Pre Control,
n=250

Mean

SE

t

df

p

r

Post-Control
n=1162

CO2
Concentration

3927

50.24

5808

37.23

-22.51

561

< 0.001

0.79

Heart Rate

98.73

0.904

88.36

0.380

10.58

1410

< 0.001

0.29

Percent Heart
Rate Increase

32.75

0.627

24.82

0.328

11.21

397

< 0.001

0.49

REBA Score

5.057

0.065

1.687

0.028

50.17

347

< 0.001

0.93

Table 4-5. NASA TLX and NASA TLX Physical Demand Subscale Scores Pre and Post Control
for Participant #7
Variable

Pre-Control Score

Post-Control Score

NASA TLX

58.33

44.33

NASA TLX Physical
Demand Subscale

350

300
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Canning Filler Job Task
The canning filler job task CO2 exposure concentrations and heart rate were measured on
six different brewers before the work station redesign changes were implemented. Two brewers
participated in the study after the installation of a 5000 CFM blower (Figure 4-6) added near the
front of the canning filler. Both of those brewers participated before and after the installation of
workstation changes. Table 4-6 presents the descriptive statistics for CO2 concentration, REBA
score, NASA TLX, NASA TLX physical subscale score, heart rate, and percent heart rate
increase for pre and post work station design for all study participants.

Table 4-6. Descriptive Statistics for Canning Fill Pre and Post Control Measurements Canning
Variable

Pre-Control
Mean (N=2504)

Pre-Control
Std. Dev.

Post-Control Mean
(N=1348)

Post-Control
Std. Dev.

CO2 Conc.

8813 PPM

2843 PPM

7733 PPM

1982 PPM

Heart Rate

99.6 bpm

11.92 bpm

89.25 bpm

10.64 bpm

Percent Heart
Rate

30.4

12.6

28.72

8.33

REBA Score

1.75

1.52

1.59

1.22

NASA TLX

58.96

6.09

65.31

10.96

NASA TLX
Phy.

38.12

11.57

43.78

9.26

CO2 concentrations and REBA scores were categorized to determine the relationship
between percent heart rate increase. Figures 4-15 and 4-16 compare the pre and post control
percent of occurrence for each of the categories for CO2 concentrations and REBA risk levels,
respectively.
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Figure 4-15. Percentage of CO2 level categories by pre and post control canning.
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Figure 4-16. Percentage of REBA risk level by pre and post control canning.
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Independent variable t-tests were performed on the continuous variable of CO2
concentration, heart rate, percent heart rate increase, REBA score, NASA TLX, and NASA TLX
physical subscale score. The results of the t-tests are found in Table 4-7. The Levene's tests for
equality of variance were significant (p <0.001) for all the variables considered. Significant and
large effect sizes were observed for heart rate and NASA TLX. Significant and medium effect
sizes were observed CO2 Concentration and NASA TLX physical demand subscale. Significant
and small effects sizes were observed for percent heart rate increase and REBA score.

Table 4-7. Results of Mean Comparison for Continuous Variables (t-tests) Pre and Post Control
Canning
Variable

Mean

SE

Pre Control

Mean

SE

t

df

p

r

Post-Control

CO2
Concentration

8813

56.81

7733

53.99

13.78

3604

< 0.001

0.22

Heart Rate

99.6

0.238

89.25

0.290

27.57

3036

< 0.001

0.45

Percent Heart
Rate Increase

30.4

0.252

28.72

0.227

5.012

3692

< 0.001

0.08

REBA Score

1.75

0.030

1.59

0.033

3.644

3311

0.001

0.06

NASA TLX

58.96

0.122

65.31

0.299

-19.70

1805

< 0.001

0.42

NASA TLX
Physical
Sub-Scale

38.12

0.231

43.78

0.252

-16.55

3306

< 0.001

0.28

Two brewers participated in the measurement before and after the new blower was
installed. Independent variable t-tests were performed on the continuous variables of CO2
concentration, heart rate, percent heart rate increase, and REBA score only on the data obtained
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for both participants. The results of the t-tests for each participant are found in Tables 4-8 and 49, respectively. Independent t-tests were not performed NASA TLX, and NASA TLX physical
subscale score because of only one score. For participant #6, Levene's tests for equality of
variance were significant (p = 0.001 or p <0.001) for all the variables except for the REBA score.
Significant and medium effect sizes were observed CO2 exposure concentration, heart rate, and
percent heart rate increase. For participant #14, Levene's tests for equality of variance were
significant for all the variables. Significant and large effect sizes were observed CO2 exposure
concentration, heart rate, and percent heart rate increase. A significant mean difference with a
small effect size was observed for the REBA score. Table 4-10 is a comparison of NASA TLX,
and NASA TLX physical demand subscale for each participant before and after the work station
design changes were implemented.

Table 4-8. Results of Mean Comparison for Continuous Variables (t-tests) Pre and Post Control
for Participant #6
Variable

Mean

SE

Pre Control
n= 260

Mean

SE

t

df

p

r

Post-Control
n = 419

CO2
Concentration

8994

139.8

8265

86.59

4.43

454

< 0.001

0.20

Heart Rate

77.41

0.441

82.23

0.569

- 6.71

678.8

< 0.001

0.25

Percent Heart
Rate Increase

19.21

0.456

25.51

0.532

- 8.83

666

< 0.001

0.32

REBA Score

1.331

0.064

1.425

0.042

-1.27

677

0.204

–
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Table 4-9. Results of Mean Comparison for Continuous Variables (t-tests) Pre and Post Control
for Participant #14
Variable

Mean

SE

Mean

Pre Control
n = 656

SE

t

df

p

r

Post-Control
n = 929

CO2
Concentration

9273

88.99

7493

66.46

16.03

1303

< 0.001

0.41

Heart Rate

104.0

0.438

92.42

0.277

22.33

1152

< 0.001

0.55

Percent Heart
Rate Increase

37.72

0.268

30.17

0.209

22.18

1343

0.005

0.52

REBA Score

1.484

0.045

1.662

0.044

- 2.83

1520

< 0.001

0.07

Table 4-10. NASA TLX and NASA TLX Physical Demand Subscale Scores Pre and Post
Control for Participant #6 and #14
Participant

Variable

Pre-Control Score

Post-Control Score

#6

NASA TLX

54.33

49

#6

NASA TLX Physical
Demand Subscale

30

30

#14

NASA TLX

60

72.67

#14

NASA TLX Physical
Demand Subscale

50

50

Cellar Job Task
The cellar job task CO2 exposure concentrations and heart rate were measured on three
different brewers before the local exhaust ventilation was added in two cellars. One brewer
participated in the study after the local exhaust ventilation was installed (Figure 4-7). Table 4-11
presents the descriptive statistics for CO2 concentration, REBA score, NASA TLX, NASA TLX

127
physical subscale score, heart rate, and percent heart rate increase for pre and post work station
design for the cellar job task.

Table 4-11. Descriptive Statistics for Cellar Pre and Post Control Measurements Cellar
Variable

Pre-Control
Mean (N=2473)

Pre-Control Std.
Dev.

Post-Control
Mean (N=1520)

Post-Control
Std. Dev.

CO2 Conc.

5547 PPM

4568 PPM

7783 PPM

2551 PPM

Heart Rate

93.50 bpm

10.90 bpm

86.80 bpm

10.24 bpm

Percent
Heart Rate

25.86

10.97

25.27

8.56

REBA
Score

2.33

2.24

2.01

2.42

NASA TLX

55.13

6.07

55.67

*

NASA TLX
Phy.

218.6

35.4

225.0

*

* Only one score was recorded because only one brewer participated in the post control sessions

CO2 concentrations and REBA scores were categorized to determine the relationship
between percent heart rate increase. Figures 4-17 and 4-18 compare the pre and post control
percent of occurrence for each of the categories for CO2 concentrations and REBA risk levels,
respectively.
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Figure 4-17. Percentage of CO2 level categories by pre and post control cellar.
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Figure 4-18. Percentage of REBA risk level by pre and post control cellar.
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Independent variable t-tests were performed on the continuous variable of CO2
concentration, heart rate, percent heart rate increase, and REBA score. Nasa TLX and NASA
TLX physical subscale scores were not analyzed as only one brewer participated after the
installation of the local exhaust ventilation in the cellars. The results of the t-tests are found in
Table 4-12. The Levene's tests for equality of variance were significant for all the variables
considered to conclude that the variances are not equal. Significant and medium effect sizes were
observed for CO2 concentration and heart rate. The mean difference in percent heart rate
increase was not significant.

Table 4-12. Results of Mean Comparison for Continuous Variables (t-tests) Pre and Post Control
Cellar
Variable

Mean

SE

Pre Control

Mean

SE

t

df

p

r

Post-Control

CO2
Concentration

5547

91.86

7782

65.44

-19.82

3959

< 0.001

0.30

Heart Rate

93.50

0.219

86.80

0.263

19.57

3368

< 0.001

0.32

Percent Heart
Rate Increase

25.86

0.221

25.27

0.220

1.898

3771

0.058

–

REBA Score

2.33

0.045

2.01

0.062

4.188

3033

< 0.001

0.08

One brewer participated in the measurement before and after workstation design changes
were installed. Independent variable t-tests were performed on the continuous variables of CO2
concentration, heart rate, percent heart rate increase, and REBA score only on the data obtained
from that one participant. The results of the t-tests are found in Table 4-13. Independent t-tests
were not performed NASA TLX, and NASA TLX physical subscale score because of only one
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score. The Levene's tests for equality of variance were significant (p <0.001) for all the variables
except for heart rate. A significant mean difference with a medium effect size was observed for
CO2 concentration. Significant and small effect sizes were observed heart rate, percent heart rate
increase, and REBA score. Table 4-14 is a comparison of NASA TLX, and NASA TLX
physical demand subscale for this one participant before and after the implementation of work
station controls.

Table 4-13. Results of Mean Comparison for Continuous Variables (t-tests) Pre and Post Control
for Participant #2
Variable

Mean

SE

Pre Control
n = 1338

Mean

SE

t

df

p

r

Post-Control
n = 1520

CO2
Concentration

5780

154.6

7783

65.44

-11.93

1808

< 0.001

0.27

Heart Rate

90.09

0.278

86.80

0.263

8.595

2856

< 0.001

0.16

Percent Heart
Rate Increase

28.12

0.212

25.27

0.220

9.325

2854

< 0.001

0.17

REBA Score

2.97

0.072

2.01

0.062

10.06

2825

< 0.001

0.19

Table 4-14. NASA TLX and NASA TLX Physical Demand Subscale Scores Pre and Post
Control for Participant #2
Variable

Pre-Control Score

Post-Control Score

NASA TLX

60.67

55.67

NASA TLX Physical
Demand Subscale

225

225
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Discussion
Three different control strategies were implemented to reduce the effect on heartrate
brewers may experience in the performance of their job tasks. One control strategy focused on
the redesign of the work station to reduce the MSD risk and workload demands. The other two
control strategies focused on reducing CO2 exposure concentration through the implementation
of additional ventilation.
The Evaluation of Control Effectiveness in Barrel Filling Job Task
The controls implemented for barrel filling job tasks focused on improving the
biomechanical and workload demand for brewers. The initial evaluation of the vertical barrel
filling job task (Figure 4-8) resulted in a workstation redesign. The design that included a tool
balancer and jib crane focused on reducing weight, from 22 lbs to five lbs, and extended static
postures of the upper arm and shoulder (Figures 4-9 and 4-10). The descriptive statistics in
Table 4-2 support that the changes in the workstation to reduce MSD risk and workload were
effective, even with higher mean CO2 levels. Mean REBA scores, the NASA TLX workload,
and the NASA TLX physical demand all dropped significantly after the redesign of the
workstation. The 3DSSPP analysis revealed significant improvements in the strength
requirements and localized fatigue for the wrist, elbow, and shoulder after workstation redesign
(Figures 4-13 and 4-14). The analysis was added confirmation of the significant ergonomic
improvement the workstation redesign accomplished.
Although both heart rate (beats/minute) and percent heart rate increase over resting heart
rate decreased after the redesign of the workstation, the decreases were more modest than the
REBA and NASA TLX scores. Even though there were statistically significant reductions in
mean heart rate measurements when evaluating the entire data set and the data from one
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participant, the effect sizes may have been impacted the increase in the mean CO2 exposure
concentration. This increase in mean CO2 exposure concentration may have reduced the
decreases in heart rate and the overall impact of the redesigned barrel filling operation.
The Evaluation of Control Effectiveness in Canning Filler Job Task
The canning filler job task utilized a blower focused on the area where the canning filler
operators were stationed to monitor the process (Figure 4-6). The use of the blower to control
CO2 exposures is known as general or dilution ventilation. The American Conference of
Governmental Industrial Hygienists (ACGIH) recommends that dilution ventilation can be used
when77


Emission sources contain materials of a relatively low hazard;



Emission sources are primarily vapors or gases;



Emissions occur uniformly;



Emissions are widely dispersed.

While the first three criteria are met in the canning filler job task, the last criterion is not
because the CO2 emissions are concentrated at the canning filler workstation. Additionally, the
blower uses air in the immediate vicinity of the blower to dilute the CO2 being emitted at the
canning filler workstation. CO2 laden air, near the blower intake, will limit the effectiveness of
the control to dilute higher concentrations of CO2. The blower also has limited effectiveness to
control exposures to CO2 outside of the immediate area where the blower is focused.
The workplace controls implemented only addressed CO2 exposure and not MSD risk or
workload. Even though the REBA score decreased, it was due to a high-risk job task (retrieving
rejected cans) not being observed after the implementation of the control. The increases in the
NASA TLX scores can be attributed to the fact that six different brewers participated in data
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collection before the implementation of ventilation controls, and a limited number of brewers
participating in the data collection after the implementation of ventilation controls. When
looking at only at data from the brewers that participated both before and after the
implementation of controls, the NASA TLX and NASA TLX physical demand sub-scale scores
were consistent both before and after the addition of ventilation (Table 4-10).
The addition of the fan/blower at the canning filler shifted the distribution of CO2
exposure concentrations (Figure 4-15) to lower concentrations. The blower was effective at
lowering exposures above 10,000 PPM, but background concentration levels of CO2 in the
brewery limit the effectiveness of lowering CO2 concentrations to less than 5000 PPM.
Expected larger effects sizes were not seen on CO2 exposure concentration and both heart rate
variables. Part of the explanation for the inconsistency again may be due to having six
participants measured before the blower/fan was installed and only two participants after the
installation.
The analysis of the two participants that took part in measurements before and after the
blower/fan was installed yielded mixed results. For participant #6, the heart rate and percent
heart rate over resting actually rose for this participant despite having consistent REBA scores
and being exposed to lower CO2 concentration levels (Table 4-8). It was observed that
participant #6 did not stand in the area where they would have benefited from the blower
discharge. The participant spent most of their time observing the canning filler from the location
of the toolbox. The location away from the blower could account for the lower than expected
decrease in the CO2 concentration level but not the increases observed in the heart rate
measurements. The analysis of the data collected on participant #14 yielded results consistent
with expectations that the blower/fan would reduce the CO2 levels that, in turn, would reduce the
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heart rate of the brewer working at the canning filler workstation. Participant #14, when
watching the canning line stayed near the front of the filler in the path of the air discharge from
the blower/fan. The effectiveness of the control is limited to assisting brewer's while they work
near the blower. The results from participant #6 compared to participant #14 show that time
spent away from that area can drastically alter the effectiveness of the control.
The Evaluation of Control Effectiveness in Cellar Job Task
The ventilation controls utilized for the cellar job task were local exhaust ventilation
(LEV) systems. LEV systems are more effective than dilution ventilation at controlling
exposures that have a higher hazard, are not uniform, and are not widely dispersed.77 This form
of ventilation control would be more effective in the cellar because exposures can change
rapidly. Local exhaust ventilation is most effective at controlling contaminant exposure when
maintaining recommended capture velocities at the source of emission. The ACGIH
recommended capture velocity for a gas or vapor being slowly emitted from a source is between
50 and 100 feet per minute (fpm).77 The installed systems are only able to maintain a 50 fpm
capture velocity at a distance of 7' 2" from the hood.77 While the LEV systems could be
sufficient for the immediate area where installed, it would be difficult for them to control
contaminants throughout the cellar.
The rise in CO2 exposure levels was the opposite of the expected outcome after installing
ventilation to control exposures. The environment of the cellar is very dynamic, and CO2
concentration levels are very variable. The CO2 concentrations are dependent on the amount of
beer in fermentation, the specific gravity of the beer fermenting, and the number of evacuations
(preparation for cleaning) taking place on any given day. The dynamic environment can account
for the variations in CO2 exposure levels seen before and after LEV was installed. Anecdotally,
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cellar operators related that they believe exposures have decreased when high gravity beers
ferment in the areas near the installed LEV.
The REBA risk levels observed after the installation of controls increased in the low-risk
category (Figure 4-18). Since biomechanical improvements were not addressed in this job task,
the changes to the REBA scores are mainly due to the nature of the job that requires operators to
perform job tasks that can vary daily.
The significant decreases in heart rate is a bit more perplexing in the face of the increase
in CO2 levels before and after the implementation of controls (Table 4-12). The decrease in
heart rate can be partially explained by the fact that the data after controls were implemented
measurements came from only one cellar operator. The mean of percent increase heart rate over
resting, a measurement considering the different starting heart rates, was not statistically
different. However, the expected increase in heart rate from CO2 exposure was still not present
in the data.
The comparisons of the continuous variables measured for the one cellar operator before
and after controls were installed are found in Table 4-13. The small decreases in heart rate may
be attributed to the decrease in both MSD risk (REBA score) and CO2 exposures levels below
5000 PPM after the implementation of controls. The lack of change in heart rate could be
explained by only short excursions of CO2 exposure levels below 5000 PPM or above 10,000
PPM. The heart rate was not able to react quickly enough to the changes in CO2 exposure of
short duration, and therefore, heart rate was not able to reach a level influenced by CO2
exposures.
The lack of consistent reductions in CO2 and heart rate highlights the ineffectiveness of a
small LEV system in a large fermentation space. While the systems reduced exposure in the
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immediate vicinity, they would be ineffective at controlling exposure at longer distances from
the LEV system.
Conclusions
Workplace controls should be implemented in breweries to reduce the environmental
stresses that can lead to increased brewer heartrate. Workplace controls in breweries need to
focus on reducing workload and MSD risk and reducing exposures to CO2 in order to reduce
heart rates in brewers. The lifting of the old barrel filler caused high-risk postures in the
shoulder and upper arm with a heavy load. The new barrel filling workstation addresses the
awkward postures required to move fillers and the weight of the filler that needed lifting. The
addition of a jib crane with a filling apparatus attached to a tool balancer reduced the MSD risk
and physical task load in the barrel filling operation. The workstation design improvements
resulted in lower REBA scores, NASA TLX, NASA TLX physical demand subscale, and
reduced heart rate measurements even in slightly higher mean CO2 exposure levels. Brewers
filling barrels at the redesigned barrel filling workstation remarked about how much better they
felt at the end of the day compared to filling barrels and having to lift the fillers from barrel to
barrel manually.
The addition of ventilation to reduce CO2 levels is another possible workplace control for
reducing brewer heat rate. The canning filler operator experienced exposures to elevated levels
of CO2 consistently when working near the canning filler. Dilution ventilation in the form of a
5000 CFM blower was mounted in the area of the canning filler. Reductions in mean CO2
exposure levels for the canning operators were observed, which resulted in decreased heart rate.
It was discovered that the installation of the dilution ventilation blower had limitations. It is
limited to a specific area of the canning line. Another limitation is the background concentration
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of CO2 in the air in the immediate area of the blower intake. The background concentration will
limit the reduction of CO2 exposure levels that can be achieved.
The third control measure implemented were local exhaust ventilation (LEV) or
extraction systems in the cellar locations. This control measure appears not to be effective at
reducing CO2 exposure levels in the cellar. Levels of CO2 exposure to cellar operators increased
after the installation of the LEV systems in each cellar. Cellar CO2 levels can be variable due to
the production variations when measurements are obtained. LEV is most effective when the
evolution of CO2 in the brewery cellar is close to the extraction point of LEV hood. The larger
the cellar and the farther the fermenters are from the LEV hood, the less effective the system is at
controlling CO2 exposure levels.
The generalization of this study of the effectiveness of the control measures for other
craft breweries is limited. The post-control measurements were taken in a compressed time
frame with a limited number of participants. The conditions of the brewery influenced those
measurements based on the specific time and day. Because of the dynamic environment, the
exact contribution of workload, CO2 exposure, and MSD risk, influenced by the implemented
workplace controls, on heart rate are not known. These factors need to be considered in each
brewery when implementing similar controls to reduce the environmental stresses on brewery
employees.
Recommendations


Further study is needed on the implementation of controls for different sized cellars
and packaging lines in order to generalize ventilation control effectiveness.



Breweries should implement work station redesign for job tasks with high MSD risk
and workload to reduce the risk of MSDs.
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Breweries should evaluate their facilities to see if ventilation, both dilution and LEV,
can be an effective method to control CO2 exposure levels.

This study has demonstrated that the proper implementation controls to address CO2
exposure levels, MSD risk, and workload can effectively reduce heart rate.
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CHAPTER V
INTEGRATED CONCLUSION
Conclusion Summary
The craft brewing industry has been multiplying over the past ten years,1,2 increasing the
number of people being employed in the industry.3,4 During this period of growth, Industry
Associations and Regulators realized that the occupational health and safety of employees
needed to more of a focus than it had been.5,6 One occupational safety and health hazard
brewers' face is exposure to CO2 during the brewing process.7,8 Although brewers are aware of
the confined space atmospheric hazard CO2 presents, there is very little known about the health
effects of low levels of CO2 commonly experienced in a brewery. To better understand the health
effects of lower levels of CO2 exposure to brewers, in the context of their job tasks, this research
utilized the traditional industrial hygiene approach of recognition (characterization), evaluation,
and control of hazards.9
Paper one's focus was on the recognition or characterization of carbon dioxide exposures
in craft breweries. The characterization of exposure is essential to understand better where,
when, and the magnitude of CO2 exposures in breweries of different sizes. The levels of CO2
measured in all sizes of breweries could exceed legal and recommended 8-hour exposure limits
for CO2. Breweries classified as large have the highest CO2exposure concentrations. Another
finding is that the production cycle in small and mid-sized breweries had a more significant
effect on CO2 exposures levels than in a large brewery. The configuration of the facility with
functional areas that are separated by walls leads to increased CO2 exposure to brewers.
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Brewery configuration issues were evidenced by significant exposure to CO2 in cellar and
packaging lines in large breweries. Lastly, the size of the brewery impacted the ability to open
overhead doors to reduce CO2 exposure concentrations. Small and mid-sized breweries often
opened overhead doors, reducing CO2 exposure to their employees.
The second paper focused on the evaluation of the effect of the hazards of CO2 exposure
level, musculoskeletal disorder (MSD) risk, and workload on brewers' heart rate. The workload
was not directly linked to increases in heart rate; its most significant impact was on the barrel
filling tasks. MSD risk was significant in increasing heart rate in the cellar and barrel filling job
tasks. When brewers work in the cellar, their heart rate increases were closely tied to increasing
exposures to CO2. Carbon dioxide concentrations were by far the highest in canning fill operator
tasks. The increases in brewers' heart rates were consistent with the different levels of CO2
exposure. When implementing controls to reduce workload and MSD risk in brewery operations,
the control of CO2 exposure levels should be a consideration.
The last paper focused on the evaluation of different control methodologies to reduce
risks that were identified and contributing to the increase in a brewer's heart rate. Workplace
controls in breweries need to focus on reducing workload and MSD risk and exposures to CO2 to
decrease heart rates. The control of MSD risk was addressed with a work station redesign that
was implemented in the barrel filling task. The workstation design improvements in the barrel
filling task resulted in lower REBA scores, NASA TLX, NASA TLX physical demand subscale,
and reduced heart rate measurements even at slightly higher CO2 levels. Brewers filling barrels
at the redesigned barrel filling workstation remarked about how much better they felt at the end
of the day compared to filling barrels and having to lift the fillers from barrel to barrel manually.
The addition of ventilation to reduce CO2 levels is another possible workplace control for
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reducing brewer heart rate. Local exhaust ventilation (LEV) or extraction systems were
evaluated in the cellar. This control measure was not to be effective at reducing CO2 exposure
levels in the cellar. Levels of CO2 exposure to cellar operators increased after the installation of
the LEV systems in each cellar. The heart rate of cellar operators remained unchanged or
decreased even though CO2 exposure levels increased. LEV is not an effective control when the
evolution of CO2 in the brewery cellar is far from the extraction point of the hood. Another
control method utilized was dilution ventilation to reduce CO2 exposure levels at the canning
filler area. Reductions in mean CO2 exposure levels for the canning operators were observed and,
in turn, reductions in a brewer's heart rate. Dilution ventilation was limited by the narrow air
mixing area and the background concentration of CO2 near the blower intake. The results of
paper 3 demonstrated that the proper implementation controls to address CO2 exposure levels
MSD risk and workload could effectively reduce heart rate.
The data collected for these three papers is a snapshot in time in each brewery and for
each job task. The generalization of this data is limited because each brewery is unique in
configuration, production volume, and physical size. CO2 levels in the cellar were highly
dependent on what type of beer (based on specific gravity) was being produced and where the
beer was in the process of fermentation.15–17 The job tasks varied greatly from one observation to
the next, depending on what work needed to be completed during the monitoring period.
Because of the dynamic environment, the interaction of workload, CO2 exposure, and MSD risk,
before and after workplace controls were implemented on heart rate, is not known. The
generalization of this study of the effectiveness of the control measures in other craft breweries is
limited because of configuration, production volume, and physical size. The work station design
and ventilation are particular to an operation. The concepts found in this study on the
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effectiveness of the control measures are sound but would have to be adapted to each particular
brewing environment. Lastly, the type and variety of controls implemented were limited. Only
one type of control was implemented for the risks for each of the job tasks studied.
Video Exposure Monitoring
Video exposure monitoring (VEM™) was a technique to aid in data collection in all three
papers. The ability of VEM™ systems was proven, previously, to be an effective means of
rapidly determining exposure issues in several studies.10–14 Throughout all three papers, the
value of data collection utilizing video exposure monitoring was demonstrated. The use of
VEM™ was an asset in all three papers. It was an asset not only in the collection of data but also
in the analysis of the data.
The new iteration of VEM™, a small portable compact system that was able to combine
video, and real-time measurements of CO2 and heart rate. The small system allowed for personal
sampling on brewers with little to no encumbering of the job tasks. Anecdotally the brewers
participating in the studies were very accepting of the system and did not mind wearing it when
collecting data.
The VEM™ system is capable of collecting data from multiple sensor inputs. The three
studies were one of the first to combine physiological data from wearable sensors. The VEM™
system provided a functionally easy way to quickly collect a large amount of data in a real-time
format. The real power in VEM™ is the analysis of the data after data collection. The VEM™
system proved invaluable in determining where and when CO2 exposure occurred, the effect on
heart rate, and job tasks occurring during exposures. Having that knowledge, after paper one,
assisted in identifying the specific job tasks for further study. VEM™ can quickly identify
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problem areas and tasks to assist employers in focusing their control efforts to reduce hazardous
exposures in the occupational environment.
Additional Research
Further study is needed in many different sizes of craft breweries and with different
configurations to make the results more generalizable. The impact of the brewery building
structure such as brewery configuration, general ventilation for climate control, and ceiling
height needs to be evaluated for their contribution to CO2 exposure levels. Additionally, the
effect of production-related variables such as specific gravity of beer fermented, amount of
active fermentation per square foot, and the number and speed of packaging lines on CO2
exposure levels should be evaluated. The variables, time of day and day of the week, were
evaluated. However, measurements of CO2 exposures at different times of the year to evaluate
seasonal fluctuations in CO2 exposure levels could be beneficial. The additional data from a
greater variety of breweries will assist the craft breweries in better understanding and controlling
their CO2 exposures.
Additional research is needed under controlled conditions to quantify the contribution of
workload, biomechanical risk level, and CO2 exposure to the increase in heart rate while brewers
are performing their job tasks. All three of the risks presented by CO2 exposure level, MSD risk,
and workload can affect heart rate. While the data gathered in the second paper indicates that the
risks studied do affect heart rate, it is unclear which, if any, has a more significant influence on
heart rate. Research under controlled or simulated conditions has been used successfully to
quantify the physiological effects of MSD risk, workload, and CO2 exposure levels and is needed
to assess the effects on the health of brewers. Paper 2 demonstrated a link between heart rate and
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CO2 exposure levels. Further research on other health effects of low-level CO2 exposure, such as
cognitive impairment,18–21 should be evaluated in brewers.
Further inquiry is needed on the effectiveness of controls in different environments and a
larger population of brewery employees. The evaluation of controls implemented in different
sized breweries, cellars, and packaging lines will increase the ability to generalize control
effectiveness. Research is also needed in the implementation of multiple types of controls at once
to address the combined risks present in the job tasks. Addressing two or three of the combined
risks is likely to have a better outcome than addressing just a single risk, as was the case in paper
3. Further study is needed to assess the effectiveness of a push-pull ventilation system that has
proven to be successful in controlling air contaminants in other industries.22–24 This type of
ventilation system is likely to be much more effective at controlling CO2 exposure levels in large
fermentation spaces or an entire small brewery. Other control interventions, such as CO2
recovery systems or dedicated evacuation lines, need to be evaluated on their ability to reduce
CO2 exposures levels in breweries.
Dissemination
The dissemination of this research will be two-fold. Dissemination would be first,
through the publication of papers in journals for occupational safety and health (OSH)
professionals and secondly presentations to craft brewers through their professional associations.
The conclusions reached will assist OSH professionals in evaluating hazards in breweries
to make recommendations in order to protect the safety and health of brewery employees. OSH
professionals will also realize the impact that combined risks can have on the health of
employees in any industry. Not only do specific direct exposures need to be evaluated, but the
impact of the entire work environment on the health of workers should be considered. OSH
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professionals will also benefit from having another tool, the new iteration of the VEM system in
their arsenal in the evaluation of workplace risks to protect worker health. The use of the new
VEM system that can be adapted for a variety of exposures scenarios, to provide rapid evaluation
of exposures and the ability to pinpoint workplace exposures of concern. The evaluation of
exposures will assist OSH professionals in making recommendations to improve the safety and
health of the workplace.
Recommendations
Recommendations developed from this study will assist brewery operators in maintaining
a safe and healthy work environment for their employees. The health of their employees will be
impacted by controlling not only exposures to CO2 but by addressing workplace design to
alleviate MSD risk and workload.


Brewers need to evaluate where and when exposure to CO2 are occurring in their
breweries. Particular attention should be given to the cellar and packaging areas in a
brewery.



Workplace controls to improve working conditions, and brewer health and safety
need to consider the combination of workload, biomechanical risk, and CO2 exposure.



Breweries should implement work station redesign for job tasks with high MSD risk
and workload to reduce the heart rate of brewery employees. Breweries should focus
on raising items to waist level and eliminating reaching above shoulder level and
away from one's body to reduce MSD risk.



Breweries should evaluate their facilities to see if ventilation, dilution, LEV, or both,
can be an effective method to control CO2 exposure levels.
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Breweries should consider ways to eliminate CO2 from discharges inside their
buildings. CO2 recovery systems, use evacuation lines, and piping fermentation
discharge outside the building are methods to reduce CO2 exposures in breweries.

The three papers have demonstrated that there is a combination of environmental
stressors in the brewery environment that affect the health and safety of brewery employees.
Efforts to improve brewery worker health and safety need to be cognizant of the contribution of
all environmental stressors when implementing controls.
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ACGIH – American Conference of Governmental Industrial Hygienists is a member
organization that produces technical content, including occupational exposure limits for
industrial hygienists.
AIHA – American Industrial Hygiene Association is a member organization of industrial
hygienists that produce resources to advance the field.
Brewer – an employee of a craft brewer
CO2 – Carbon Dioxide is a gas produces by biological metabolism.
PPM – Part per million is a unit of measure to quantify gas or vapor exposures.
PEL – Permissible Exposure Limit is an occupational exposure limit set by OSHA and is legally
enforceable.
REBA – Rapid Entire Body Assessment is a tool to assess biomechanical stress on the whole
body and the risk of ergonomic injuries.
OSHA – Occupational Safety and Health Administration is a US government agency tasked with
developing and enforcing workplace safety and health.
NASA TLX National Aeronautical Space Administration Task Load Index is a subjective
measurement tool to assess the workload of a task using six subscales –physical demand, mental
demand, temporal pressure, performance, effort, and frustration.
TLV – Threshold Limit Value is a voluntary occupational exposure limit set by the ACGIH.
TWA – Time-weighted average is a way to express exposures measured over time (usually 8
hours).
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